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INTRODUCTION

When materials are exposed to combustion environments, deposition of ash

v { - or salts upon thelr surfaces is a common occurrence, The compositions of
o { - such deposits can vary over a wide range depending upcon the characteristics
' of the combustion process (i.e, air composition, fuel composition). In many

ingtances the formation of deposits causes the nature of the reactions that

take place between tha combustion gases and materials to'be substentially

different than those occurr@ng in the absence of the deposit, It is there-

) : fore not uncommon for materials, especially metals and alloys, to be attacked

; . by environments much more severely when deposita are present on their sur- ?
E ' faces, The degradation of materials under such conditions is called hot 4
: ' : corrosion, The hot corrosion of metals and alloys has been observed in a ,5

variety of processes, the essential ingredients being; elsmenis in an alloy
for oxidation, camponents in a gas for reduction, and a deposit on the surw
face of the alloy capable of influencing the oxldation«reduction process,

Alloys used in gas turbines are susceptible to hot corrosion attack,

Turbine blades and vanes can become covered with deposits of sulfates which
are composed primarlly of Naasoh containing different amounts of Ca, Mg, Pb,

V, Zn and chloride lon, The severity of the hot corrosion attack of alloys

R LI PUEIT T T U SOP > R L2 A e

in gas turbines depends on the operating conditions with marine and industrial

service being more conducive to cmusing attack than alroraft servica, Hot

corrosion of alloys in eircraft gas turbines is however, not negligible, Hot

corrosion attack of alloys is also & problem in the exhsust systema of i

automobiles, incinerators and the fireside of tubes for steam boilers, The

L
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Alloy compositions are expressed in weight-percent,

nature of the deposits may be different than those in gas turbines but the
phenomenon is the same, namely, the deposit causes more attack of alloys by
gases to occur,

Since the hot corrosion of elloys has resulted in shorter lives for
alloys, & substantial effort has been directed towards determining the

mechanism(a) by which the hot corrosion of alloys tekes place (l'lh>.

As
mentioned in an earlier papar,(6) at first sight it appue- that the
mechanisms developed by various investlgators are inconsistent with each
other, However, closer examlnatlion of the problem indicates that hot
corrcaion can occur vis dlfferent mechanisms depending upon the conditions,
There is a need, therefore, to put hot corroasion theory into a perspective
such that the various mechanisms of degradation and the effects produced
by different elements are not inconalatent with one ancther, The purpose
of this paper is to present & unified theory for hot corrosion, An important
feature of this theory is that it proposes that hot corrosion can take
place via different mechenisms, To eatablish this point conclusively,

experimental data are presented to identify each of the mechanisms in some

detall and to describe thelr interdepsndence,

EXPERIMENT'AL
One of the aifficulties in studying the hot corrosion of alloys is the
gelection of appropriate tests, The hot corrosion behavior of alloys cuan
be markedly dependent upon test conditions, It ls herefore posaible to
obtain widely differing results depending upon the conditiona established
by the test, For example, as shown in Figure 1, the amount of hot corrosion

attack of & Ni-8Cr-6Al" alloy after 6 hrs, at lu00°C im essentially negligible

-2-
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when 0,5 mg/cm2 Nazsoh 1s present on the surface of the alloy but very
severe attack is observed if this alloy is Immersed into 1 gm of Naasou.
In attempting to develop a hot corrosion theory that applies to all metals
and alloys, it is therefore necessary to utilize tests that encompass as
many as posalble of the combinations of conditions which can give rise to
hot corrosion attack, Hence, it is necessary to use a variety of different
hot corrosion tests. .

The testa available to examine  the hot corrosion of metals and alloys
can be put Into two general categories, One category involves tests in
which the primary reason for developing the test is simulation of the
conditions established by a specific process or operation, For example,
burner riga(ls’ls) have been developed ‘to attempt to simulate the conditions
that exist in the hotter sections of gas turbines, The problem with
such tests is that the definition and control of the test conditiona often

become less precise as the degree of simulation is increased, The other

category of tests are those in which the primary reason for developing

the test 1s to preclsely control and observe the effects produced by changing
certain specific parameters known to be important to the hot corrosion
process, The problem with these tests is that conditions are usually rather ﬂ
far removed from those that actually exist in the process under consideration, ‘
In order to understand the hot corrosion process, tests from both categories
must be utilized,

This paper will emphasize the hot corrosion attack of alloys that
occurs in gasm turbines but the results will be generally applicable since
it is desired to formulate a unified hot corrosion theory, Burner rig tests

were used to help define the experimantal parameters that were critical to the L




hot corrosion process, and laboratory tube furnace tests were performed to
study the effects these parameters had on the hot corrosion process, The
burner rlz tests were parformed in a dynamic combustor designed by Dils,(l6)
Figure 2, This rig was operated on distillete jet fuel and compressed alr,
Six specimens could be exposed in this apparatus simultaneously, The entire
arvay of specimens wes oaéillated about the combustor axis in order to provide
uniform specimen exposure conditions, Gas velocities over the specimens

were about 200 m/s. The laboratory tuve furnace experiments were performed
at temperatures between sbout 700° and 1000°C, Deposits of salt, usually

0,5 = 5 mg/cm? Ne,S0), were formed by spraying warm (~ 150°C) test coupons
(.2 omx 2 cmx 0,2 cm) with an aqueous solution of the salt, Tests using
large amounts of salt (~ 1 gm) were performed by using an QHA1203 crucible

to contaln the salt into which the test coupons were immersed, Most of the
experiments were performed in static alr or flowing oxygen at 1l atm, but some
tests were performed in flowing oxygen having an 803 pressure of about lo'h
atm, The 803 pressure was developed by adding 302 to oxygen using caplllary
flowmeters and passing thepe gases over a platinum catalyst,

Both lsothermal and cyclic temperature tests were utllized, In the
isothermal tests the furnace hot zone temperatures were controlled to better
than & 2°C, In the cyclic teats, npecimens were gubjected to hot zone
temperatures for 50 minutes and cold zone temperatures (~ 25° - LO°C) for
ten minmtes during easch hour of exposure, The metals and alloys used in
this investigation are presanted in Table I, Prior to testing, all specimens
were polished through 600 grit silicon carbide abrasive paper, ultrasonically

agitated in ethylene trichloride, rinsed in ethyl alcohol and dried,
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The attack of exposed speclmens was evaluated by using weight change versus

time data, and detailed analyses of microstructural and surface morphological

features, These analyses vere a.ccompiished by using standard techniques involving
i . ‘ the light microscope, sceanning electron microscope, electron beam microprobe

, and X~-ray diffraction.
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RESULTS AND DISCUSSION

Hot Corrosion Degradation Sequence
In attempting to develop a unified theory for hot corrosion of alloys,

one of the first problems encountered 1s caused by the fact that the degradation
mechanisms can change with time, An initial qQuestion involves, therefore,

the time at which the hot corrosion process should be analyzed, Examination

T R A T e T T

E,. ' of hot corrosion data obtalned as a function of time, Figures 3 and 4, shows
[ that there appears to be two distinct stages of the attack, in particular, \
an initial stage during which the attack is not too severe and a later stage ‘

for which the attack has substentially increased, Exmmination of exposed

gpecimens as a function of time, Figure 5, shows that microstructural features

e " smihalaer” et

developed during the attack undergo a marked change as the severity of the

attack increases, Initially the microstructural features are not too much
different than those that would have developed in the asbsence of the salt
deposit, but after the rate of attacx increases, the mlcroatructural features

T are much different than those that could be developed by reaction of the

e et e e s nh ol

elloy with the gas in the absence of the salt,

The observed tendency for the hot corrosion process to consist of

two stages is really not an uncommon phenomenon, The usual practice in

ST PRI

0. developing alloys with resmistance to high temperature corrcsion is to utilize

a' the concept of selective oxidation (17). During the inltial stages of de-

)
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gradation the reaction product formed because of selective oxidation predominates,
whereas other, less protective phases are formed as reactiocn products later in
‘the degradation sequence, Typical weight change versus time curves for such
alloys are presented in Figure 6, In view of thls behavior, it is reasonable

to descrite the gaus~induced degradation of alloys s composed of essentially

two stages, namely, an initial stege where the reaction product formed at the

gurface of the alloy 18 composed predominantly of the most protective phese,

and a subsequent stage involving more rapid propagation of the degradation where
the reaction product consists of substantial amounts of less protective phases,
It is impcrtant to note that the time at which the transition from the more
protective resction product (initiation stage) to the less protective product
(propagation stage) takes place is dependent upon test condltions, For example,
a8 Indicated schematically in Figure 7, the transitlion would take place much
sooner in a cyclic oxidation test campared to an isothermal test, Since the
gas~induced degradation of virtually all corrosion resistant alloys can be
considered as composed of initlation and propagation stages, it is reasonable
to suppose that similar stages are operative during hot corrosion attack

but occur after shorter times as shown in Figure 7, Moreover, the hot corrosion
process can be conveniently analyzed in terms of how the salt deposita alter

the processes that would have taken pluce during these two stages in the absence

i of such a deposit. {
ﬁ It is necessuary to emphasize in discussing results obtained from studies -:
on the hot corrosion of alloys, that it is very important to define whether

the degradation process is in the initiation or propagation stage, In the case | b

of a particularly mild test the degradantion of & given alloy may be in the %
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initiation stage and with continued exposure a substantial increase in the
degradation rate would be expected, However, in the case of very severe
tests, the propagation stage can be reached after short exposures and no

subsequent increase in the degradation rate ls to be expected,

Initiation Stage of Hot Corrosion Attack
During the initiation stage, elements in the alloy are oxidized and

electrons can be considered to be trensferred from metallic stoms to reducible
gwbatances in the deposit. When the‘reduced substances ;re the same as those
that would have reacted with the alloy in the absemce of the deposit, the
reaction product barrier forms beneasth the salt on the alloy surface, Figure
8, and exhibits mostly festures resulting from phe gas =~ alloy reaction, As
the hot corrosion process iu continued however, features begin to become
apparent which indicate that the salt is affecting the corrosion process

and eventually the saelective oxidation process is rendered ineffactive, The
increesing smount of sulfide partlcles in the photogrephs presented in Figure
5 18 an example of this condition, The time for which the most effective
reaction product barrier is stable beneath the salt layer is influenced by

& number of factors identified in Figure 8, It 1s important to note that
these factors alsc have significance in that they precondition the alloy,
thus determining the type of propagation mode to be followed, In the
following, the most important factors affecting the initiation of hot
corroslon attack are discussed in some detall and examples sxe presented to

{llustrate thelir effacts.
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Alloy Compogition

Numerous examples can be clted to illustrate the influence of alloy
composition on the length of the initiation stage, The date presented in ,L
Plgure 3 show that the length of the initiation stage for hot corrosion
induced by Naesou in air is increased as the aluminum content of nickel-
chromium or cobalt-chromium alloys is increased from 6 to about 11%, It
alsc shows that the Initiation stage for Co-Cr-Al alloys 1s longer than

that for nickel-base alloys, As will be shown subsequently, the degradation

assoclated with the propagation mode for the alloys in this test (Na2sou
deposit and air) consists of combined basic fluxing-sulfidation, In this

propagatlon mode, degradetion 1is believed to cecur because oxide lons h .

are produced as & result of the removal of sulfur from the Na,SO, by the R

alloy. The oxide ions degrade the protective scales by reacting with them

gD

and oxldatlon of the sulfide perticles within the alloys ulso results in
increased rates of attack, By increasing the aluminum content from 6 to

sbout 11% an g=Al peale is stable for a longer period of time which

2%
prevents sulfur removal from the Na.ESOh by the alloy and, hence, the pro-

duction of oxide ions, As the A1203 scales become unsteble, the Co-Cr=-Al
type alloys incorporate sulfur fr-m the Naesou much more slowly than the
Ni-Cr-Al alloys,

In discussing the influence of alloy composltion it ls necessary to

Tl e R A R Lo LD e RN AN S e Eadetiad.

emphegize that some elements can produce beneficlal effects over certaln
concentration renges but deleterious effects over others, The data
presented in Pigure 9 show that the degradation of a Ni-30Cr-6ALl alloy is

less then that for a Ni-30Cr alloy after esbout 80 hours, but substantislly A

| ]
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more after 100 hours, This occurs because, in nickel-baese alloys which
3 are not A1203 formers, aluminum causes the sulfidation propagation mode to
4 { : be especially pronounced, In such alloys sulfur is very rapidly removed

from the Nazsou due to the formatlon of numerous sulfide particles in the

o é ; alloys, The Ni-3OCr-6Al alloy 1s not attacked severely as long as it can
i : _ maintain a continucus, external.scale of A1203 on lts surface, As cther

? S oxldes beccome stable, however, very severe degradation ensues, Hence,

K R aluminum in alloys can produce both beneficial and deleterious effects _

b { on their hot corrosion resistance. 1
The data presented in Figure 10 show that by increasing the chromium g

0 ‘ content of & N1-8Cr-fAl to 15% the initiation stage for hot corrosion induced 4

o by a large amount of NaESOh in sir is substantially increased, The propagation

mode for these two alloys under such conditions 1s via bagic fluxing, In

L ' order for this propagation mode to occur, it 1s necessary to establish a

substantial oxygen gradlent across the Naesoh. By increasing the chromium

R APE TSR SN PT BPCCAE. - Nl

' content, continuous external scales of A1203 or Cr203 remain stable longer
b

| and these types of scales consume less oxygen than when these oxides are
discontinuous, The geme type of results sre cbtalned when the aluminum

n ‘ concentration of this alloy ls Increased.

b ] i Febrication Condltlon

The hot corrosion attack of alloys can be significantly influenced by

L R

fabrication condition, As shown by the welght change versus time date !

presentad in Figure 11, an as=-cast NICrdlY alloy was more severely attacked

=
4T T

than a vapor deposited alloy.* One effect of fabrlcatlion condition on

i

*
Vapor deposited mlloys are of interest because overlay coatings are often
fabricated by using vapor depoeitlon techniques,

e
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the initiation of hot corrosion attack is through compositional inhomogeneities,

B
[T
Gigimel o

As-cast alloys are less homogeneous then vapor deposited alloys and hot

corroslon attack ls initlated in localized areas of cast alloys st which the .ii
composition ls more susceptible to attack, Once initiated, the hot corrosion jl?
attack spreads laterally to locatlons with compositions more resistant to - z
attack, k|
Gas Composition and Velocity ”Ei

The composition of the gas phase can produce very substantial effects e

on the initlation and degradation rate of hot corrosion attack, In Figure 12

welght change versus time data are compared for the oxidation of a Naesoh -

coated CoCrAlY c'oating in oxygen and in oxygen containing 803 at lo'u atm,

The hot corrosion attack is initiated virtually from the beginning of

. “
-k
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welght~increase measurements in the gas with SO3 but no attack was ohserved
after 20 hre, in pure oxygen. The influence of the SO3 in this exampie .f;
is two=-fold. Sodium sulfate is not liquid at 700°C, When oxidation of CoCrAlY

occurs at this temperature in 803, e llgquid solution of Naesou - Cosoh is :
formed, Hot corroslon attack ls more easily induced when a liquid phase

is present, Sulfur trioxide, however, also influences the rate at which the hot
corrosion attack 1s propagated, For example, the attack in oxygen is not

88 severe A8 in oxygen with SO, even when a deposit of Naasou - Mgsoh is

3 .
used which is liquid at 700°C in oxygen, Figure 12, The mechanism by which i
SO3 influences the hot corrosion attack will be considered subsequently, The

; polnt to be stressed here is that the initiation and type of hot corrosion

attack are dependent on the composition of the gas, :




The velocity of the gas is n parameter of significance in the hot corrosion
of alloys, Gas velocity effects are especilally evident in situations where
volatile components play & role ln the hot corrosion process, For example,

&8 will be shown subsequently, the accumulation of Moo3 in NaQSOh on Ni-
BCr-6Al~6Mo causes very severe hot corrosion attack, As can be seen in
Pilgure 13, the attack of this alloy is initiated in static alr much sooner
than 1n.flowing oxygen bacause less Moo3 is lost from the Naasoh to the gas
in the static environment, Velocliy induced effects can-be especially pre-.
valent in burner rig experi@ents where gas velocitles in exceas of 300 m/s

can be achileved,

Salt Composition
The composition of the salt can effect the hot corrosion of alioya. "In

Figure 1L photographs are presented to compare the degradation microstructures
developed in coatings exposed to Naasoh containing different amounts of NaCl, 3
The degradation becomes more severe as the NaCl concentration in the deposit

is increased, As will be shown subsequently, the NaCl in the deposit causes
the hot corrosion degradation to be different than that induced by pure NaESOh.
Numerous other exampless are availsble to illustrate the importance of salt

composition on hot corrosion attack, It is sufficlent at this point to

indicate that there are two types of salt compositlon efreqtu. One type ocours
because the deposit transforms from golld to liquid with the compositional

change, Figure 12, The other type involves changes in the mechanism of the

P = -

hot corrosion attack, Figure 1k,
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Salt Deposition Rate

The amount of salt that 1s present at the surface of alloys exerts
very significant effects on the rates and, in some instances, the mechanisms
of' hot corresion attack, The amount of salt which is present on the surfaces
of alloys affects hot corrosion attack by two means, Some degradation
mechanisme are not self=sustaining, Salt is consumed in the corrosion process,
and therefore, the more salt present the more attack, Figure 1. Other
mechanisms require the salt to have a certain composition for initistion,
These apecific compositions are formed af the salt-alloy interface by
modlfication of the as-deposited salt as a result of reaction with the alloy,
The thickness of the deposit influences the time required to obtain the
composition necssary to initiate attack. When attack occurs because of the
development of a gradlent across the salt from the gas phese, thicker
deposits cause attack to be initlated sooner than thinner deposits., On the
other hand, when attack occurs as a result of the accumulation of elements
from the alloy in the deposit, then attack can be obsaerved sooner with

thinner deposits, Figure 15,

Condition of Salt

Hot corresion attack takes place because the deposit modif'ies the type
of reactlon which occurs between alloys and the ges environments, The condition
of the deposit plays an important role in how the deposit modifies the reaction.
Normelly, a liguid depoait is most effective in causing hot corrosion attack,
Figure 12, but it cennot be sald that a liquid deposit is required for hot

corrosion attack, Very dense, solid deposits can cause the chemical potentisls

x
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of resctants in the gas to be much different at the alloy-daposit intarface
compared to bulk gas valuen(la). Dense solid deposits on alloys can therefore,
in principle, cause hot corrosion attack.

When liquid saltas are present on the gsurfaces of alloys, they are more
effective in causing hot corrosion when they wet these surfaces, In many
instances hot corrosion attack has been chserved to stop after very thick,
porous scalaa have been developed, It has been propoaed(e) that the liquid
is retalned in the porous scale rather than wetting the alloy surface and thus
the attack stops. In hot co?rosion-erolion(lg) studies, 1t has been found
that deposition of small q-A:lEO3 particles inhibvited attack, Figure 16,

This condition may result from the Naesou being retained in the porcus A12°3
deposit, however, it is also possible that the Al_O. deposit remcts chemically

23
with the Nnagoh.

Te (]

Hot corroslon processes are Aonndent upon temperaturs, In many cases the
time to initiate hot corroslon attack decreases as temperature is increased,
This effect is evident in Figure 17 where the time to initlate attack of
Ni=30Cr-6A1 using Naasoh deposits and air is greater at 900°C than 1000°C,

Hot corrosion conditions do exist, however, where the attack becomes less
severs as the temperature is increased, In burner rig hot corrosion tests
it is more or less common procedure to ingest a controlled amount of salt
which is then deposited on specimens during test, For the same ingeation
rate of salt, leas is deposited on the specimena ms the temperature is increased,
It is therefors posesible to obmerve less hot corrosion attack at the higher

temperatures because of the smaller amounts of salt on the specimens, Even

-13-

L T LTy T T T U PGP N RNY PRI I S O R ot TP KA N'l‘““‘"'"""'"‘Wmﬂ'm-unlw\?iﬂﬂ'ﬂhi-MWHMM&.‘E‘ e i it e

A 2Aln. . L SadE R . ie

Lo =
crar b ZA L A it i i e T il i




when the salt depositlon rate is the same, there are conditicns for which
the rate of attack is greater at lower temperatures, One sxample is the
case where the deposit is 1liqQuid at low temperatures but solid at higher
temperatures, Such a case may be expected when Na.esou is in contact with

oxldes of nlckel or cobalt and S0, is present in the gas, At low temperatures

3
(~ 650°C) the 80, pressure can be sufficlent to form & liquid Na 80, = CoS0,
solution. At higher temperatures (~ 850°C), the 503 may not he sufficient
to form a significant amount of CoSOh in the Nu.asoh and the deposit will be
solid, Another example involves the hot éorrosion mechaniam where 803 in
the gas phase plays a significant role in the corrosion process, Thiw
mechanism will be discussed subsequently, As shown in Figure 18, the hot
corrosion of CoCrAlY with a Ne,S0) deposit and en 503 pressure of '7-:Lo'k atm
occurs at a faster rate at 700°C than 1000°C, TFor a fixed amount of sulfur

in the gas, the S0, pressure becomes less as the temperature is incressed,

3
As shown in Figure 18, the dacreased E"O3 pressure also results in a slower

hot corrosion rate at the higher temperature,

Temperature Cycles
During the initiation stege of hot corrosion attack the reaction

product barrier thet rorrps due to reaction of the alloy witl the gas is
developing beneath the salt deposit, Figure 8, Thermal cycling of
specimens causes this product to crack and spall., The transition from the
initiation stage to the propegation stage therefore occurs after shorter

tines as the number of thearmal cycles is invreased, Figure 19,
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The time at which the transition from the iInitlation stage to the
propagation stage takes place is reduced when erosive conditions are present
in addition to the conditions causing hot corrosion attmck, Figure 16, Part-
lculate impact damages the oxide that is formed during the initiation astage and
the result is the same as for effects produced by thermal cycling, It has been
found, however, that a;-olion-hot corrosion (propagation stage) conditions
interact such that the corbined effect is substantially greater than the
gum of thuse two processes scting maopondently(lg). It appears that
erosion accelerates hot corrosion attack (propagation stage) by removing
portions of the porous scale which, when present, absorbs the .u.lt and
inhibits it from wetting the alloy surface, Figure 20, Hot corrosion causes
erosion to be mors effective by causing portions of the alloy to be undercut
by corrosion product which are then more easily dlslodged from the alloy
by the impacting particles, Figure 21,

Specimen Geometry
It has been observed that hot corrosion attack frequently is initlated

at the edges of specimens, Figure 22, Such results indicate that there are
certaln configurations of the oxlde scale that form beneath the l‘ta.alsol+ layer,
Figure 8, which are more susceptible to damage and penetration by the Naesoh
than others, It 1s rather common to observe the spalling of oxide scales
initiating at the sharp anglea of specimens or service hardware, Hence, the
cbserved influence of specimen geometry on the transition from the initiation

stage to the propagation stage of hot corrosion attack is to be expected,
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Bropegation Stage of Hot Corrcsion Attack

The preceeding discussion shows that there are a great many factors
which influence hot corrosion attack, BSuch a situation is partly reaponsible
for what appaars to be divergent results obtained by investigators studying
hot corrosion, since the experimental conditions usually are not identical,

While there are numerous factors which affect the initlation of hot
corrosion attack and precondition alloys for the onset of the propagation
gtage, the mechanisms which are operative.in the propagation stege are
not unmenageable, As indicated in Figure 23, results cbtained from hot
corrosion tests indicate the propagation stages for degradation of alloys
with salt deposits r:it into three general ocategories. In one of these
categories the salt is innocous and degradation in the propagation stage
proceeds by the mechanism determined by the alloy and the gas, Such &
situation ie likely to ocour with porous, solid deposits through which
the gas can easily penetrate., (In principle it is pomsible that the salt
could produce benetf'iciel effects, eo,g. decrease growth rate of scale via
doping, and cause the onset of the propagation stage to be delayed, No
clear cut example of such an effect has been observed), The other two
categories involve degraQation mechanisms which are different from those
that occur in the abasence of salt deposits, One category requires the salt,
or & product of the salt-alloy-gas reaction, to be liquid, Reactiou
between elementa in the alloy and components from the gas in the presence
of the liquid results in the formation of nonprot.ctive reaction products,
The nature of the reactions that take place undar such conditions are

aimilar to those where surfaces are cleaned by using oalt baths for descaling
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or fluxes (20, 21). Hencs, this category of the propagation stages has been

: : ‘ labeled salt fluxing reactions, The final category involves propagation

! ‘ stages where a component from tha aslt is added to the alloy, or reacta with
the alloy or its corrosion products, such that nonprotective reaction product
, i barriers are develcoped, This category of the propagation stages can be called
3 salt component-induced hot corrosion, or degradation resulting from salt
conmponent=alloy reactions.

G em s e e

In the following, propagation stages included in the general categories

E

A
4
L,

: of salt fluxing reactions and salt componente-induced degradation will ve

discussed in some detall, These degradation proceases can be explained most

Aacmtin | el i

effectively by considering effects produced by a given salt, namely, Nazsou.
This salt is very often a major component of deposits that have been observed
to inltiate hot corrosion attack, Hence the experiments performed in this

study used pﬂmwlly Nuasoh deposits, The hot corrosion theory that is pra.

. o al

\ e sented in the present paper is applicable therefore to deposits having N‘a“h

3 Lo as & major component, however, the fundamental concepts are believed to be

L‘v : generally valid,

Salt Fluxing Reactions
Some of the first proposals that protective oxide acales could be re-
i movaed from the surfaces of alloys by molten deposits were generated in studies
1.1 * f concerned with fireside corrosion in boilers (22). In these investigations
is the corrosion observed in certain metal temperature regimes was associated

with certain types of deposits, in particular, alkali metal pyrosulfates

!, % (e.g. Na28207) at temperatures between about 250°-430°C, alkali metal-iron
b ' |
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trisulrates (e.g. Na3Fe(SOh)3) between 480° - 730°C, and alkall sulfates at
temparatures above 750°C, A point of concern in the studies of the mechanisms
for fireside corrosion was that the measurad 803 pressures in the gas streams
were ugually much lower than those required to form pyrosulfatea and trisulfates.
It was proposed that localized 303 pressures over deposits were much higher
than the measured values due to catalytic activity of the deposits, Recent
etudiea(23> have shown that 803 production is indeed a function of bvoiler
fouling, increasing as the amount of deposits increases,

At elevated temperatures comparstiveiy high so3 pressures are required
to form sulfates of elements such as nickel, cobalt and aluminum, Further=
more, 803 pressures are lower for the seme amgunt of sulfur in the gas stream,
Sulfur trioxide can therefore be expected to ﬁlay 8 progressively less dominant
role ag the temperaturs is lncreased and investigators began to develop
mechanlsms not inveolving 803 to account for hot corromion attack at temperatures
above sbout 750°C,

Bornstein and DeCresoente(B) were among the first to propose that hot
corrosion of alloys involved a basic fluxing proceas, as opposed to the lower

temperature acidlic fluxing process involving 80 It was proposed that

3°
protectilve oxide scales were destroyed as a result of reactions with oxide ions
in the salt where the oxlde lons were produced by removal of sulfur from the
Naasoh. Goebel et al(7) extended the high temperature fluxing reactions to
acldic processes, where the component to make the salt acidic was proposed

to be certuin oxides of elements in the alloys (e.g. Moo3, woa), and suggested

that porous, oxide scales may be formed during either basic or acidic fluxing

by precipitation from the molten saltes into which these oxide ncales had

initially dlssolved,
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Goebel et al(7) proposed that the dissolutlon and reprecipitation proceasses
were controlled by the oxide ion activity of the melts which, in tUrn, was
regulated by the removal of sulfur from the salt (N°250k) or by the addition
of axides of certain metels to the salt (e.g. M003, W03). Rapp and Goto(ah)
proposed that the dissolution-precipitation process may occur whenever a
negative gradient exists in the solubility of the oxide acroas the salt film
sand that such gradients may be developed by the electrochemical reduction
reaction that accompanies oxidation of the metallic elements, The Rapp-Goto
proposal is therefore a more general, and & more powerful, criterion for oxide
scale dissolution and reprecipitation,

In the present paper the most important objective is to present as complete
and sa self-oconsistent a& picture of the hot corrosion process as poasible,

It therefore will be attempted to show that, as with all hot corroalon processes,
the type of'fluxing mechanism depends upon experimerntal conditicna, Herce,
experimental results will be presented to identify the types of fluxing pro-
cesses that are relevant to the hot corrosion of metals and alloys, As these
processes ars introduced and discussed, possible mechanisma will.ba desoribed

to provide credibility, however, the point to be emphasized is the typea

of fluxing reactions and how the different fluxing resctions are interrelated

as opposed tb:the details of specific mechanismas,

Thermodynamic Stability Diagrams
Before discussing the types of fluxing processes that are relevant
to hot corrosion, it is helpful to examine thermodynamic stability diagrams

as a means of predicting the fluxing reactions that are fessible, In

-19-
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' Figure 2Ua a schematlc diagram ls presented defining the regions of stability

of some of the phases in the Na -~ O - 3 system as a function of oxygen and SO3

pressures, The construction of such dlagrams has been discussed in previous

papara(6’7). "The I‘Iazso,+ region of this disgram deacribes the compositions

of Naasou that can be deposited on materials where a specific camposition

hes been indicated by a dot. When the Na.?sou covers the alloy as a layer,

Figure 21b, ae 18 often the case, components from the gas must diffuse through

TR ERTR

the Naesoh to react with the alloy, Hence the composition of the Na.asou

PV UTEEE

adjacent to the alloy can bescome aignificéntly different from that in

equilibrium with the gas as indicated schematically with arrows in Figures 2ha

and b, Three compositional changss of importance can take place, in particular,

the salt can become more basic, or more aclidic, and it almost always becomes

more sulfidizing as a result of the lower oxygen actlivity.

Peacaif = EaC ] ot i

The process by which the salt becomes more sulfidlzing is straight-

forward, The oxygen, sulfur and 803 pressures are interrelated by the

following expression: r

=iyt e e

poiir o
w
~
n
’_l
S~
n

P P B, =X (1)
" . /503

and, providing the 80, is not decreased substantially, the sulfur pressure

3
18 increased ms the oxygen pressure is decreased, Figure 2ha, There are

at least two processas by which the Na.ESOh becomes more basic (i.e. producticon
of oxide ions), One involves the removal of sulfur from the N"‘gsou by the

alloy vhereby

N S(alloy) + 3 o+ (2)

80, 5 %
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and oxide ions are produced., The other process arises because the oxlde
product formed on the surface of the alloy may donate oxide ions to the salt
ag proposed by Repp and Goto(ah). While the oxide that is attempting to

be formed at the alloy surface may donate oxide lons to the salt, 1t

could also react with existing oxide ions by reactions such as

2

MO + 0" s MO, (3)

This latter reaction is a means by yhich the salt can become more acildic,

The queation of whether the oxides beginning to he formed upon the
gurfaces of alloys will make the salt besic or acldic is determined by the
oxide ion concentration of the as-deposited salt (defined by that at the
salt-gas interface) and the affinity of the oxldes and their metal ions for
oxide ilone, The affinities of various relevant metals for oxide ilons can be
descrived by using stabllity dliagrams superimposed on the Naesoh region of
Figure 2ha, In Figure 25 some dlagrams for nickel, aluminum and chromiwn
are presented, These diagrams indicate the phases which are steble in
Ne,80,. It can be seen that there are acid melts (®) for which N10 ia more
effective in developling basic conditions than A1203. On the other hand,
there are basic melts, (e), for which A1203 is more effective in making
acidic conditions than Cr203.

Yxamples of besic and acidic fluxing will be presemted in the following
sections and some superimposed diagrams will be used to help account for
results, It is important to emphasize that care must be exercised when using

superimposed diagrams, For convenience, a number of dlegrams have been

superimposed on the same Figure, Figure 25, These dlagrams have been con=

"21"
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structed with no conslderation of the interaction that can occur between
the individual metals(25) and therefore in the case of alloys they can only
be used to Indlcate the phases of the metals that may be stable in NaESOM

at specific 803 and oxygen pressures,

Basic Fluxing
A feature that is common to basic fluxing is that the total amount of

attack becomes greater ag the amount of the salt is increased, Figure 1. The
microstructural features that are developed during basic fluxing are
dependent upon the alloy composition, Fhotographs lllustrating what 1s
believed to be degradation due to pure basic fluxing are presented in Flgure
26, The mizrostructures shown in Figure 26 were developed by using a large

amount of Naasoh and a N1-8Cr-6Al alloy., Similar structures can be developed

in this alloy using smaller amounts of Nazsou but it is necessary to examine

the specimens during the early stages of attack, Tigure 27a Lecause the '
microatructural features change with time as the Nazsou beccmes depleted of
oxide ilons, Figure 270,

The sequence of events that teke place during pure basic fluxing can be _ g
reconstructed from the photomicrographs presented in Figures 26 and 27 and

analyses of the salt after test, The balls of nickel sulfide on the surface

of the alloy, Figure 26a, show that the oxygen pressure must be low whille n :
the sulfur pressure is hilgh enough to form nickel sulfide, At the corroslon ‘ ﬁ
front, aluminum end chromium are being removed from the alloy by the Naesoh

: ' and virtually pure nickel is being left behind, Figure 26c and X-ray images,

In addition, analyses of the sclutione obtained by weshing test specimens during

the very eerly stages of attack show that the solution is basic and contalns




soluble aluminum and chromium, Table II, It therefore appears that at the
beginning of attack an oxygen gradlent is developed across the NaESOh' It
should be noted that in such tests the Ni-15Cr-6Al alloy is not attacked,
f' ; ' Flgure 10, Hence the oxygen gradient must be established because & continuous
" layer of Cr203 and A1203 is not developad on the Ni-8Cr-6Al alloy as indicated
schematically in Figure 28a. As a result of this gradienc in the oxygen
i : pressure, the sulfur activity, Figure 2hks, is increased and nickel sulfide
is formed at the surface of the alloy, I'gure 28b, The oxlde ion concentration
; ‘ in the Naasou, which has been increased due to the nickel sulfide formation,
. - reaches values at which the'.t\lao3 and Cr,0, dissolve into the Na,80,, Figure
N } 28b, A process is therefore developed where sulfate ions diffuse toward
| the alloy and as reglons of lower oxygenh pressure are approeached these ions

sulfidize nickel whereby oxlde lons are produced which in turn react with A1203

and Cr2°3 to form products that are goluble in the oxide ion enricned thsoh,
Figure 28¢c, The aluminate and chromate ions diffuse away from the alloy and
¢ , are precipiteted at higher oxygen pressures as Al 0. and Cr_ O_ along with

273 273
oxide lons that diffuse out into the bulk Naasou in exchange for sulfate ions

i The lmportent feature of the process 1s the compositional differences that

i mm i mEie Tk

are developed ascroses the Naesoh, Figures 28c and 4, Schematic phase stability
P dlegrama, Figure 284, can be constructed to account for the various phases
i ‘ observed in the corrosion product, Flgure 28¢c, As long as there is a supply

of sulfate ions from the Naasoh the hot corrosion process proceeds &at

(R PO X ST

approximately & linear rate, Figure 1, but as the source of sulfate lons is

depleted the attack diminishes and oxygen becomes more plentiful in the j

corrosion product, The nickel sulfide particles in the scale become oxidized
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and some of the sulfur from this process moves deeper into the alloy where,

in the case of a Ni-8Cr-6Al specimen, chromium sulfide ir formed, Figure 27b,

i The example of baslc fluxing that has been presented was for Naasoh - . j

induced hot corrosion in air or oxygen, In a gas containing 803 the corrosion

i process could be significantly different but the degradation will still be
én affected by the camposition of the slloy, For some alloys the melt may become '; f

80 baslc at the Naesoh-alloy Interface that the SO3 pressure in the gas may

exert no significant effect but in others, as will be shown subsequently, jgﬂ

it may pley & very important role, i

i,
@ The particular example of basic fluxing which has been presented was .fj
given to document as conclusively as possible that degradation via a basic

F fluxing process can occur. It must be emphasized that the generation of

wre——a

oxlde ione necessary for the attack need not arise from the formetion of

‘ nickel sulfide as was the case in this example, Formution of other sulfides 5

$——r—.
P

Lf (¢.8. chromium sulfide) in alloys can lead to oxide ion production in Naasoh.

More importently, as suggested by Rapp and Goto,(eh) oxide ion productiorn T
[

ﬁl

g need not occur as s result of sulfur removal from the Nazsoh. In the Rapp i

and Goto model increesed beslclty Ls proposed to occur because of the reduction

process that accompanies oxidation of the elemeants in the alloy, In this model ]

[ S

the hot corrosion process involves dissolution and reprecipitation of oxide
where the criterion for such & condition to exlst is & negatlve gradient
f of the oxlde solubility in the salt at the oxlde-ralt interfacs,
§ Data are available which suggest that reprecilpitation of oxide does occur
i during hot corrosion of some metals, For example, during the Naasou ~ inducad

hot corrogion of ccobalt in oxygen an oxide slag floating on the malt has been

w2ha
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observed, Figure 29a, Beneath the salt the CoO is composad of a network
of pores, Figure 29b, and it appears that once the ‘Naesoh penetrates the

oxlide scale conditions are developed whereby the scale is stripped from

- iET

i the metal, Figures 29c and d, A model for the hot corrosion of cobalt

E i induced by a thin (~ L mg/cmz) Llayer of Na,80) is presented in Figure 30,

SFET s -

Bt et

; Upon heating a Naasou ~ coated specimen to a test temperature near abvout

1000°C, a layer of CoO is formed befors the “‘gs% melts, Figure 30a, After
the Naesoh melts an oxygen gradient is developed across the liquid which,
in turn, causea the sulfur activity over the Co0 to he increased, Sulfur

.
B N

PRGN

may then diffuse through the Co0 and form sulfide st the Co=Co0 interface
which indeed has been cbserved, Oxide ions should therefore be produced
. in the Ne 80, which can resct with the oxide scale to form 00022' ions
; oo that then dlffuse to the Na.ESOu-ga.s intertace and decampose due to the
f '2 , | lower oxide fon activity, Flgure 30b, This hot corrosion mechanlsm is

similar to that described for Ni-8Cr=6Al except the sulfide phase would

be formed beneath the oxide scale rather than within the corrosion product, .

By using the Rapp and Goto model it is not necessary to have the 'sulrur go

into the metal in order to produce oxide ions, It can be proposed that the
Na 80, composition is such that it becomes more basic at the CoO-Ne S0, inter-
fece due to the reduction of oxygen (i.e, 1/2 02 + 2a = 02'). In addition,
it can he proposed that the oxide solubility in the NQEE!O,4 decreases as the

B S PSS 0 X R P N

salt becomes less basic, The oxide willl therefore rerrecipitate in the N‘29°u

i } near the gas interface, Figure 30b,

Yoo Regardlesas of the mechanism by which the oxide is dissolved and re- '

P precipitated, hot stage microscope observations made during the hot corrosion ,

o =2o- [ 1




of cobalt show that the oxide scale is eventually penetrated in localized
areas and a ges is evolved from the Nagsoh. It appears that penetration

of the scale by Nazsol+ causes the oxygen pressure to be reduced and the
sulfur pressure to be increased whersby the pressure of 802 approaches

unity. Beneath the scale, oxide ions are produced not only because of
sulflde formation but also due to 802 evolution and consequently the scale is
stripped from the metal surface, Figure 30c, Meier(as) has proposed that
sulflide formation at the oxide-metal interface may be sufficient to result

in stripping of oxide scales, The scales formed during the hot corroamion of

cobalt, ap well as nickel,(b) are composed of discrete layers of oxide,
Pigures 20c and d, It therefore appears as though the penstration and stripping P
process 18 a cyclic proceds, Figure 304, Fluxing of the scale, as & result . %

of sulfur removal from Naasou, would be cyclic since large amounts of oxide ions
would be formed as the oxide scale is initially penetrated, Meier's proposal
on sulfide formation giving rise to stripping would also be cyclic in nature,
The basic fluxing models involving dissclution and reprecipitation, and
oxide stripping permit large amounta of attack to be produced by comparatively

small amounts of Nazsou. Tor exemple, 1f it is assumed that & localized

e e e e ol

penetration of 5 ym in diemeter causes detachment of an oxide layer, with a
thickness of 3 pm, vver an ares of 10h square microns, then the molar

ratlo of nonproteciive oxlde to avallable Nazsoh is about 3 to 1 for a specimen
with 1 mg/em2 of Naaﬂou. Moreover, the number of moles of oxide ions required i
to form the hole is at least 2 orders of magnitude lesa than the number of o

moles of oxide ions available in the Naasoh over 10“

aquare microns, While
both oxide stripping and reprecipitation can be used to account for the ob- b

garvation that the molar ratio of nonprotective oxide to Naasou deposlited on




specimen surfaces is commonly between 10 and 100, it is important to emphasize
that basic fluxing usually does not proceed indefinitely, One reason for this,
firat proposed by Raiaing,(a) is that as the thicknesses of nonprotective scales
are increesed, the No.asoh is absorbed into the porous scale rather than re=
naining on the metal surface and accelerated attack therefore stops, (The
reduced hot corrosion observed in the burner rig tests where a-A1203 was
deposited along with Nazsoh may be an example of such an effect, Figure 16),
Another reason which applies only for hot corresion in aig {s that the
reprecipitation of oxide causes the oxide ion concentration at the Nazﬂou-gll
interface to be increased and saturation must eventually occur,

Binary alloys containing chromium are not attacked very nuﬁatantinlly
via the basic fluxing degradation process., (These types of alloys are
susceptible to hot corrosion via sulfur-induced attack which will be discussed
subsequently). This is surprising because Cr203 reacts with N‘as°h in alr
at temperatures of approximately l000°C to form NnCraou. In discussing

these alloys it is useful to cousider alloys with low chromium concentrations

on which continuous layers of Cr203 are not formed, and then alloys with

higher chromium contents whare continucus Cr20 layers are developed, In i

3
nickel or cobalt alloys with low chromium concentrations the external scales

are N1O or Co0 and these oxides are uuacdptible to hasic fluxing, During

the Initial phases of attack, however, these oxides are competing with Cr203

for oxide ions, Since the Cr203 hes a greater affinity for oxide ions, as

was firat noted by Bormatein and DoCrolconto,(B) the NiO or CoO forms on the
specimen surface as a continuous and protective layer, [ha condition that

the Cr203 reacta with oxide ions ig not sufficient by itself to atop or

-27=
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inhibit attack, Hot corrosion attack is occurring via dissolution of Cr203
and 1f there is not enough Cr203 then the Ni0 or CoO will eventually react,
It is therefore necesgary for the initial reaction of the melt with Cr203,
in preference to Ni0 or Co0, to result in a situation where, after the Cr203
is consumed, the Naasoh cannot return to & camposition at which reaction
with N10 or Co0 can occur, One possibility is that the thicknesaeas of Ni0
or Co0 become sufficiently large such that sulfur is not removed from the
Naesoh by the metal and therefore oxide ions are not produced. Indeed,
preoxidation of nickel or cobalt can be used to stop hot corroslon attack
providing the preformed oxides are not cracked during application of the Nazsoh.
The lack of hot corrosion attack of alloys with higher chromium concentrations
for which continuous layers of Gr203 are formed can be explained by uaing
the model of Rapp and Goto 1f it 1s supposed that the solubility of Cr203
is less at the Gr203-Na280h interface than at the Naasoh-gan interface, Chromia
will react with the N‘asoh but it will become saturated and a continuous layer
of Or203 will then form on the alloy surface, BStroud and Rapp(27) have measured
the solubility of Cr203 in Naasoh at two oxygen pressures, These data have
values for which the solubilities across the Naasou indeed cen be such that a
dissolution and reprec!pitation fluxing process 1s not possivle,
Other elements in binery nickel and cobalt base alloys con produce effects
similar to chromium at low concentrations, Aluminum, molybdenum or tungsten
can be used to prevent the attack of nickel or cobalt viu baslo fluxing., At
concentrations of aluminun for which continuous a-A1203 scales are formed, how=
ever, this BXide is susceptible to basic fluxing, Figure 4, As will be shown

subsequently, the oxides of molybdenum or tungsten can make the Nagsoh too acld

and degradation vias acidic fluxing becomes possible,
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Acidic Fluxing
A feature of acldic fluxing that differs from basic fluxing is that
acidic=induced attack is usually self-sustaining, Hence small amounts of

deposits produce much more attack for acidic fluxing compared to basic
'3 . fluxing., Ash or salt deposits can be made acidic by two different proceases,
, One procoss (alloy~induced mcidity) has already been described under basic
fluxing, It involves the formatilon of oxides on the surface of alloys

P which have a great affinity for oxide ions (e.g. MoO,, wos, Craos). The
other process (ges-induced acidity) occurs because of a species in the gas

that makes the salt acidic, The most common gas components that make the '

deposit acldic arxs 803 and v205 which are often introduced to the gas via
combustion of fuels containing sulfur and vanadium, At this point it is

B2 Tt S

i worth noting that a aituation anslogous to gas~-induced acidity was not

consldered rdr besic fluxing, In principle, hot corrosion produced by gase
induced basicity is also poseible, The impurities which are usually present

PERE_ RS- T

in fuels, however, normally are not capsble of producing highly basic salts,

P

Alloy=Induced Acidic Fluxing

=

The weight change versus time data presented in Figure 31 compares the
l hot corrosion attack of Co-25Al and Co-25AL-12W alloys, The hot corrosion

propagation mode for the Co=25A1 alloy proceeds by combined effects of basic
: fluxing and sulfidation. The sulfidation propagation mode as well as inters
' action between basic fluxing and sulfidation will be discussed subsequently, ‘
At this point it is sufficlent to note that the Ngeﬂou « induced hot corrosion
of Co=25A1 involves localized penetration of the A1203 scales formed on these
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alloys via & baslc fluxing process. BSubsequent degradation after penetration
of the A1203 by the Naasou appears to lnvolve oxildeticn of aluminum sulfides.
The addition of tungsten to the Co=25Al1 alloy causes the time required to
initiate hot corrosion attack to be extended, Figure 31, (the weight losses
obaerved during the first 50 hrs, of attack are believed to remsult from
vaporization of Naasou and evolution of 803 as wo3 is dissolved into the
N‘EBOM)' Once the attack is initiated, howevar, it is self-sustaining in

the alloy with tungsten and hence more attack takes place compared to Coe-
25A1, Figure 31, The tungsten in the Co-25Al-12W alloy is producing effects
aimilar to those of chromium in nickel or cobalt alloys with low chromium

concentrations, in particular, WO, is preventing the basic fluxing of A1203

3
by preferentiall& reacting with oxide lons, The aventual aelf-sustaining
attack that occurs is an example of alloy-induced acidic fluxing due to
tungsten, The time required to inltiate alloy=-induced acildic hot corrosion

of Co=25Al=12W 18 greatly reduced when Naesou-coated spacimens are annealed

in argon prior to exposure in oxygen, Figure 31, This result shows thet a
reduction of the oxygen pressure in the N“es°h favors the introduction of
tungaten into the Naasou. Washing of specimens after the alloy-induced attack
has been initiated causes the attack to atop, Figure 31, It is apparent that
the salt deposit is required for the attmck to continue even though tungsten
from the alloy pleys a significant rola in the corroaion process, Mioro-
structural features, typical of the alloy-induced acidic propagation mode, are
presanted in Figure 32 for the Co-25A1-12W alloy and thick corrosion products
are quite evident, An important feature is that there im a zone in the oxide

scale immediately adjacent to the alloy which is enriched in tungsten, Figure

~30-
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32 b, ¢ and d, Other elements were also present in this zone, in particular,
cobalt, aluminum, and sodium, Sulfur was detected throughout the ascale along
with sodium,and sulfide particles were present in the alloy just heneath the
scals, Figure 32b, The scale away from the tungsten enriched zone contained
ralatively uniform distributions of cobalt and aluminum with discrete layers
of tungsten enrichment,

The features cbaserved for Co=25A1-12W alloy have been observed for
numerous other alloys (nickel=, cob&lt or iron base) containing tungsten,
molybdenum oy vanadium, However, the mers presence of these elements does
not mean that such festures will be developed during hot corrosion attack,
Usually, certain minimum concentrations of these elemants are required, but
the axaot amount necessary for the attack ia also depsndent upon other elementa
in the alloy, For example, during lasothermal oxidation with Nnesoh, 12%
tungsten caﬁno- alloy~induced acldic fluxing of Co~20Cr«12W but not Co=250r-12W,
Figure 33, During cyclic testing, however, the Co-25Cr-12W, sz well ws &
nickele-base alloy containing tha same smount of chromium and tungsten,
undergo alloy=induced acidic hot corrosion, Figure 3k,

The Nazsok-induccd hot corrosion of a Ni.8Cr-6Al-tMo alloy has been
studied in some detaill becauce these are the concentrations of chromium,
aluminum and molybdenum in the nickel-base superalloy B-1900, an alloy that
is very susceptible to hot corrosion attack, Weight change veraus time
date cbtained for the oxidation of Na B0, - costed specimens of Ni~8Cr~6Al-
6Mo and Ni-8Cr-6A1l are compared in Pigure 35. A compariamon of the behaviors

of these two alloys will be meds in a subsequent section where the intersction

-31-
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between basic and acidic fluxing processes will be considered, At this point,

it 1s sufficient to state that the Ni-8Cr-6Al-6Mo alloy eventuslly exhibits alloy-
@ induced acidic hot corrosion attack and the microstructures obtained during this
1 attack are good examples to illustrats the features of alloy-induced hot

5' corroaion, The scales that are formed on this alloy are thick and exhibit a

. layered texture, Figure 36, At the scale-alloy interface, a thin mone of

sulfide particlos is svident in the alloy and the scale immediately adjmcent

to the alloy, Figure 36b, contains Na, 8, 0, Mo, Ni, Cr and Al, Figure 3Kec,

It appeara as though this zone may be a sdlution of Naasou and NaeMoou into

which A1203, Cr203 and NiO are dissolved., The molybdenum enriched areas of

3 the acale are restricted to & narrow zone about & few tenths of a millimeter

|
|

thick immedistely adjacent to the alloy, Beyond this zone the scale contains
more or less uniform distributions of all the elements in the alloy with the
molybdenum concentratinn substantially below that of the enriched zone, The
layered texture of Lhe scale, Figure 36a, apparently did not arise from gross
compositional Alfferences but rather from different amounts of poroalty of
the scales,

The microstructures of degraded Ni-25A1-12W and Ni-8Cr-6Al-6Mo are very
similar, Both have undergone alloy-induced moldic hot corroslon which consimta
of the following important steps, Oxides of the metals tungsten, molybdenum
tnd vanadium dissolve into the Nuasou forming tungstates, molybdates and

: varadates and some 503 is displaced from the Na, 80, The addition of the
3z ' refractory element oxides to the Naasoh depends on ths oxidation characteristics

= F o Poitied W Gty — pivetas) — PScEeN) . gty

R ; of the alloy. For some alloys, the refractory elements are oxidized at the

very beginning of the oxidation process, whereas for others selective oxidation

Jyr——y

of other elements results in longer sxposure times before the refractory

l s

elament oxides are mvailable to react with the NaEBoh. The N‘asoh solutione

, E

-32e

- - G0 g | T
LLTIE el
-




L R el

S e

i

A e
I

Bl Bt i n i e L i el i iy it ot

e

gradually beccme enriched in the oxides of these metals since such solutions
probably have a high solubility for the oxides, as evidenced by the large
amount of WO. that can dissolve into Naawoh (greater than 50 mole percent
at 750%) (287,

It appeara ams though A12°3’ cré and CoO can dissolve

%
into theas refractory metal oxide enriched melts by donating oxide ilons to

the melts, The reactions that may take place are

-+ - 3+ 2«
2A1 + W + 602 1\1.203 +} 3"03 2ALY + 3W0h'

27+ I+ 60y -+ Ory0, + 3O, = 20pSt 4 3woh""'

Co* W+20, = 000+ WO, = oot « wo,f‘

These ions diffuse through the solution (i,e, the zone enriched in refrectory
metal, Figures 32 and 36) to the outer zone of the melt where the reactions
listed above proceed in reverse direction due to the lower activity of the
refractory metal oxides in thim region as & result of the loss of the
refractory metal oxides to the gas phase, Hence, oxides of A12°3’ Cr203
and CcO are dissolved at one side of the melt, Figure 36h, (tllqumclt
interface) and reprecipitated as a nonprotective scale at the other side
(melt~porous oxide), In addition, the melt is continually enriched in the
refractory metal oxide, however, the precipitation process does result in
some of the melt being incorporated into the outer, porous part of the
soale, Figures 32¢c and 4,

The moat important festures of alloy-induced acidic fluxing is that a
zone of liquid is formed Llmmediately sbove the alloy due to the accumulation
of certain refractory metal oxides (e.g. Moo3, wo3, Veos) in the Na 80, and
the oxides normally relied upon for protection against sattack (e.g. A1203,

~33-
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Cr203, N10, Co0) become nonprotective due to a solution-reprecipitation
i procega, This attack is self-sustaining because a small amount of salt
P appears adequate to cause tha development of the refractory metal oxide

zone, It is important to emphasize, however, that while very small amounts

of salt cause very large amounts of attack, the presence of the salt is

e
LB

necessary for the attack to continue, For example, the alloy-induced acidic

hot corrosion stops after water washing, Figure 3L, When data is presented

P A §af

to show the procesges which take place during the initiation of alloyw
induced acidic hot corroslon, it will be Qhown that the sulfate ion is
removed from the melt rather quickly but sodium remains during the attack,
It is bvelieved that the modium permits a liquid phase to be established
at activities of the rafractory metal oxidea lesa than unity,.

The effecta produced by the retfractory metal oxides in Naesoh and i

panditniy el ot e A A N R e
e

the resulting solution and reprecipitation of oxides can be rationalized 3

3 to some extent by using stability dlegrams, 8Stabllity disgrams ldentifying
- the regions of Nazsoh vhera basic or acldic fluxing reactions involving

b aluminum may ocour are presanted in Figure 37 for two temperatures, The 50

SR B e e St

3
pressures at which acidic reactions may occur are greater than one atmosphere

PRI Y S

at the higher temperature, Since alloy-induced acidic fluxing is ocbserved
a1 at thesm temperatures, it does not seem reasonable to suppose that the

B refractory metal oxides cause such attack by producing high 803
}f It has been determined that when A1203 is exposed to Ne,8C) in air at
| 1000°C no reaction can be detected after 3 hrs, of exposure, If, however,

pressures,

s M003 vapor at an activity of about 0,1l is added to the gas stream, a
i :

B ; significant amount of reaction occurs between the melt and the A1203(29).

e DTt e S R e Dt

“'C g It therefore appears that the refractory metal oxides cause acldic fluxing
': {-‘1 ‘ reactions for oxides such as Al‘,‘,o3 and Cr203 to become favorable at lower
‘a”‘ @i 803 pressures, BSuch a condition 18 indicated schematically in Figure 37b,
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Gas Phase~Induced Acidic Fluxing

The experimental date presented in Figure 12 show the importance of the gas
composition to the hot corromion attack of a CoCrAlY costing alloy, Substential
attack of this elloy is observed at rather low temperatures (e.g, ~ 700°C) but
the rate of attack is decreased abruptly when 803 is removed from the gas,
After thousanda of hours, this alloy is not noticeably attacked using Naasoh
in air, Figure 38a, but substantial attuack is observed within hours when 803
is added to the gas, Figure 38h, The attack of this alloy requires a Naesoh
deposit since exposure to gases containing 803 and 02 without Naasoh does not
produce significant degradation, Figure 38c,

Microgtructural features obuerved via optical metallography and scanning
electron microscopy can be used, along with thermodynamic considerations, to
develop a model by which 803 and Naasoh cause the hot corrosion attack of a
CoCrAlY alloy. & zone enriched in cobalt is usually evident at the corroaion
product~gas interface, Flgure 39a, Xeray diffraction analyuis of this zone
of the corrosion product indicates that the cobalt is present as an oxide,
but 1t is not unusual to also detect sodium-cobalt sulfates (e.g.lNaaco(Soh)e).
Within the corroslon product, two types of ghost lmages are often observed,
Figure 4Om and b, These imeges are most clear at the corrosion product-
alloy interface, Platinum marker experiments indicate that the corrosion
product is formed predominantly via inward diffusion, of an oxidant, and
outward diffusion of cobalt, The ghost images, which are apparent due
to compositional differences in the corrosion product, become more diffuse

as diffusional processes lessen these compositionel gradients,
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One type of ghost image ls purallel to the corrosion front and appears to
define the position of the corrosion front at earlier times in the corroaion
procesf, Figure LOa, Such ghost imsges, which cen be called corrosion front
ghosts, appear as sequential dark and light zones in electron backscatter
images, Figure 40a, Microprcbe analyses show that the dark zone is enriched
in aluminum and light zone in chromium, Figure 404, Oxygen is present in

both zones, as well as detectable amounts of cobalt, sodium and sulfur, Filgure 39,

A larger concentration of sulfur was always detected in the corrosion product

~Just adjacent to the corrosion front. The sodium could always be removed

from the corrosion product by using water in the metallographic preparation

of specimens, This procedure did not remove the sulfur in the corrosion pro-
duct adjacent to the corrosion front, but often caused the suliur to be removed
from the outer part of the corrosion product,

The other type of ghost imege is coilncidental with the position of the
a~chromium phase of the CoCpAlY alloy prior to the formation of corrogior
product, Figure 4Ob, This image also is composed of dark and light zones, but
the proportion of the light zone is greater than the dark due to the larger
amount of chromium in the g-chromium phase which it replicated, Figure 4Oc,

At temperaturaes between about 600° to 700°C, diffﬁaion zones in the
alloy, in advance of the corrosion front, signifying the preferential removal
of certaln elemen%3s from the alloy, usually are not evident, Figure LOs and b,
At tue corrosion front, the dark zone of the corroslon product is adjacent
to the alloy, Figure 4l, and it undercuts pleces of alloy which subsequently

appear to be converted to the light zone material in the corrosion product,

Pipure 41 (sxrows).
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As the temperature is increased,zones in the slloy depleted of aluminum

and chromium are more readily observed, Figure 42, Chromium sulfide particles

e 1

are also evident within these zones and the rate of attack ls decreased,

R e
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Figure 18,

The results obtained from the microstructural exemination of CoCrAlY
specimens that were degraeded via gas-induced hot corrosion at temperatures

between 600°=700°C permit the following remarks to be mude about this

TR

3 7 degradation mechanism: '

° Nabsoh is8 distributed throughout the corrosion
; . product, | i
. f e Cobalt diffuses through the corrosion product to | E
| the gas interface where oxides and sulfates of this
element are formed. f

% : ® Chromium is converted to oxlde close to the corrosion

front and little diffusion of this elemant is evident,
¢ Aluminum is preferentially removed from the alloy by

the hot corrosion process and it appears not only to’ §
be assoclated with sulfur and oxygen immedistely 1
adjacent to the corrosion front but also seems to be %
present as oxide throughout-the remainder of the ‘i
corrosion product.

e Yttrium is difficult to detect in the corroslion product

but can be found in the waler used to wash tested

e o rn e e

. specimens,
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The distribution of NaESOu uniformly throughout the corrosion product
indicates that the Naasoh was liquid at the temperasture whers the hot
corrosion took place. Studies of Na,S0, deposits in gases containing 803 1i
and oxygen show that the melting poinl of Naesou ia depressed as the 803 (ﬂ

pressure is increaaed(sc). More importantly, however, the melting point

e o i

of liquid solutions of Naasoh and CoSOu or Nisoh can be substantially i

below the melting point of Nazsou (e.g. the melting point of a Naasoh -

R SRR

CoSOh solution containing 50 mole % CoSOh is about 600’0)(28). During )

3‘ the hot corrosion of CoCrAlY, covered with Naasou, in & gas containing'
803 and oxygen it appears that liquid solutions of Nazsou - Ccsou having

eI

melting points as low as about 600°C may be formed, Even though A1203 %
scales are formed on CoCrAlY alloys during oxidation, some cobalt oxide

T T A T T

will be formed as the A1203 is bacoming continuous, Visual sxamination }

of CoCrAlY ppecinens as a function of time shows that hot corrosion

ot
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attack often lg ilnitliated after the epecimens have been subjected to &

number of test cycles., Cracking of the A1203 scale may be necessary o
E' before sufficient amounts of cobalt oxlde are formed to permit the | %
. deposit to becoma liquid, "As & result of such a condition, gas~induced i
acldic fluxing can often result in very localized pit-type atiack, j
Figure 39a, Such degradation microstructures are very similar to pits |
developed during aqueous corrosion as & result of local cell actlvity, g
In the case of gas-induced acidic attack of CoCrAlY however, the locallzed 1

1

attack can be made much more uniform by vapor honing the specimen surface

prior to exposure in the corrosion test to remove the preformed oxlde scale,

Figure 39c¢, When the preformed oxide is removed, cobalt oxlde la formed,
more or less uniformly, over the surface during the inltlal stages of oxldation

and a llquid Naaﬂoh-CoSOh solution covers most of the specimen surface,
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A schematic model to describe the gas~induced acidic fluxing of e CoCrAlY
alloy is presented in Figure 43, At low temperatures the salt becomes molten as
t'.‘c:SOLk dissolves into it, Figure 43a. Beneath this liquid layer the alloy

begins to react with components in the liquid, The principal roucﬁion is one
of oxygen removal from the melt since the mogt favorable resctions for elements
in the alloy are those involving oxide formation, It has been determined that

80, 18 much mors mobile in Na.aﬂoh than o:qrgen(31>.

3

to propose thaet gradients in both oxygen and S0, are developed across the liguid

layer with 803 elso supplying oxygen to react wi‘bh the elements in the alloy,
Figure 43b, The procosses bsr which the 803 and oxygen diffume through the
liquid layer is not known, but it would seem reasonable that the SQB"combinn
with sulfete ions and diffuses as pyrosulfate ions (32072') whereas oxygen
may be dissolved in the liquid as atoms,

The uq\ience of corrosion front ghosts, Figure 40a, composed of alternating
zones enriched in aluminum and chromium are formed by the selective removal
of aluninum from the alloy, Figure 43b, and then conversion of the chremium
to oxide in situ, Figure 43c. Cobalt is not present as a discrete phase ot the
surface of the alloy since the oxygen pressure i1s too low, It dissolves in
the liquid and diffuses to the outer zone of the liquid where oxides are formed
and some of this oxide im converted to sulfate which is soluble in the Naasoh,
Pigure 43c, Aluminum removal from the alloy occurs by dissolution in the liquid
followed by reprecipitation at higher oxygen presaures as it diffuses away from
the alloy surface, Figure 43c, The precipitated AJ.203 forms the aluminum rich
zone of the corrosion product, and conversion of chroanium,remaining in the

aluminum depleted alloy,to oxide gives rise to the chranlium rich sone, Flgure

43d, This latter zone can be formed, not only parallel to the corrosion front

Conssguently, it is reasonable
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due to preferential removal of alumlnum from the alloy, but also as extensilons
of the g=cobalt phase in the alloy, Figure 43d,

The preferential removal of aluminum from the alloy and its subsequent
presipitation as A1203 is belleved to occur because of sulfite formatlon at
the liquid-alloy interface where the oxygen pressure is low and then ronversion

of the sulfite to oxide in the liquid where the oxygen pressure is higher,

Figure L43a, At low oxygen pressures the oxidation of aluminum is proposed
W to be accompanied by reduction of 803 rather than by reduction of oxygen,
. The exlstence of 8032' ions seems plausible since, at low oxygen pressures,

with & supply of 803 from the gas, the 30, pressure should be relatively

2
high, Figure 37a, which indicates that such oconditions are conducive for D
L-d
sulfur to be present as Su+. Indeed, sultite ions were formed in the cathode j

compartment when melts of Liasou - xzsou were electrolyzed at 625’0(32). }

. &
ke

The solubility of the aluminum sulfite in the liquid and its eventual conw

version to oxide has been assumed in order to account for the cbserved

P N

morphology of the corrosion product, but the schematic stabllity diagram,

Figure 43e, does show that conversion of sulfite to oxide is %o be expected

a8 the oxygen pressure 1ls increased,
As temperature is increased the likelihood of acidic fluxing reactions
involving sulfite becomes less since, as indicated schematically in Figure

L3e, higher 803 pressures are required to form sulfates and sulfites as the

T L e o 2 % s m AL

temperature is increased and lower 803 pressures exist in the gas due to a

;
% larger proportion of 802. Hence, ag temperature 1s increased the gas phase~
g induced acidic component of the degradation becomes less, and sulfide phases

. bi are formed with increased frequency in the alloy, Figure L2a, Eventually,

e EeReR ek WD st e

" iﬁ oxldation of these sulfides are the primary means of hot corrosion degradation,
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The Rapp~Goto model(ah) could be used to account for ges-induced acidic
fluxing and there would be no need to postulate the supposed formation of a
sulfite region, For this model to be operative the solubility of’A1203 should
be less in the more scidic melts. The availsble data'®?) for the solubility
or.A1203 in Naesoh are not consistent with such a proposal but the data are not
available for Naasou melts exposed tc extremely low oxygen pressures (e,g.
~ 10710 atms),

In coﬁclnding the dlscussion of fluxing resctions it is to be emphasized
thet the solution - precipitation feature of the salt fluxing processes results
in substantial amounta of atfack being produced by a small amoupt of salt, The
conditions that lead to smolution of the oxidized elements followed by pre-
cipitation of nonprotective reaction products are not unusual nor unique, They
can be established by: +the production of oxide ions resulting from the removal
of sulfur from N‘25°h‘ the consuwnption of oxide ions due to the addition of &
component with an affinity for oxide ions (e,g. MoOB, 803) to the melt; or the
development, in the melt, of negative gradisnts for the molubilities of the
oxides that are normally formed on the surfaces of alloys in the sbsence of asalt

dOpOliﬁl(Eh).
aine (33)

A similar phencmenon has been chserved for the oxidation of

« As a result of the high vapor pressure of ginc, its oxidation proceeds
rapldly when the oxide is formed as a lmdke or fume above the surface of the

zinc, Figure 44, As the oxygen pressure is increased, the fume 1s formed closer
and closer to the surface of the metal and the oxidation rate increases aince
the zinc vapor has a shorter distance to diffuse. As the reaction mite for oxide
reaches the metal surface, there is a very substantial decrease in the oxidation
rate because protective oxlde is formed on the metal surface rather than a fume

of nonprotective oxide particles above i1, The solution and precipitation process

-hl.
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in salts is very similar to the formation of Zn0 fume, The salt will be
successful in causing increased attack providing it can cause the metalliec
elements in the alloy to react with oxygen above the alloy surface rather
than on it, There are a varilety of processes by which this can occur and

a few have been described above, In Figure L4l a general model is presented
whereby an ion in the melt allows the metallic elements to be oxidized by
accepting electrons and oxide is precipitated away from the slloy surface

vhere the oxygen pressure is higher,

Interaction Betwesn Basic and Acidic Fluxing Processes
The previous discussion hes considered basic and scidic fluxing as

independent of each other, Actually these processes can affect one another,
To illustrate this interaction the hot corrosion attack of two nickel-basze
superalloys will be considered, namely, B-1900 (N1=8C p=bALabMO=10C0m1Tiuk, 3T0=
0.110=0,15B-0,072r) an alloy extremely susceptible to hot corrosion attack,
and IN 738 (Ni=16Cr=3,UAL=), T5Mo=2,6W=8, 5C0=3, UTixl, 7T5Ta=0, OL2C~0, 0128~0, 1221-
0.85Cb) an alloy with substantislly better hot corrosion resistance, The

hot corrosion attack of these two alloys in alr under isothermal conditlons ia
compared in Figure 45, Both alloys can be sean to undergo severs uattack but
1t takes much longer to initiate this attack for IN 738, Analysis of IN 738
apecimena after exponuroltimel for which povere attack was observed indicated
the hot corrosion propagation mode was similar to that of B-1900, In particular,
a zone enriched in molybdenum and tungsten oxides was detected between the

alloy and the nonprotective scale which caused alloy=-induced acldic attack to

ocour,
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To describe the hot corrosion attack of B=1900, results already presented
for Ni-8r-6ALl and Ni-8Cr-6Al-6Mo alloys can be umed, Figure 35, The Ni-8Cr-6Al
1s attacked due to a basic fluxing process, Figure 27a, which svantually stops
when ‘the Nuasoh is not replenished, Figure 2Th., The propagation mode of attack
of the Ni-8Cr=6Al=-6Mo alloy has been shown to procesd due to alloy-induced
acidic fluxing, Figure 36. The processes which take plece prior to the est-
sblishment of the alloy-induced acidic degradation of the Ni-8Cr-6Al-6Mo will
now ba examined, To do this it is helpful to divide the dagradation process
into the eight steps idantified in the weight change varsus time data presented
in Figure 35, For each of tﬁnc steps specimens were exsmined mtallogruphioam
and the water obtalned by heating exposed specimens in boiling water was
analyzed, The results ocbtained firom these chemical analyses are presented in
Table III,

During nhpu 1 and 2 virtually all of the “‘2B°h was reccvered end s small
amount of chromiwn and molybdenun had dissolved into the sulfate, The weight
change dsta, Figure 35, and metallographic results showed no hot corrosion
attack had cccurred, BSuch results were in contrest to the results obtained
with the Ni-8Cr-6Al alloy, Figure 27s, and it appears that the molybdenum has
inhibited the onmet of attack via the basic fluxing mechanism,

At step 3 a significant amount of the sulfate component of the salt has been
consumed and chromium, sluminum and molybdenum are present in the wash water
which now has a substantially higher pH, Table III, and metallographic exsmination
shows that considerable hot corrosion attack has occurred, Figure L6a, A

degradation microstructure very similar to that obtained with the Ni-8Cr-6Al

alloy, Figure 27as, was obtained and microprobe analysis showed that the corrosion
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product was composed of partially sulfided nickel particles surrounded by a
Na 80, melt containing aluminum, chromium and molybdenum, Figure LEb, Such
results show that the Ni-8Cr-6Al-6Mo is being degraded by the same mechanism
a8 the Ni-&r«6Al alloy, namely, basic fluxing,

At step U4 the weight change versus time deta exhibit a substantial
decrease in rate, Figure 35, The most significant results obtained frowm the
wash water analyses were that the amount of soluble aluminum decreased and the
pH hecame significantly moxre acidic, Table III, Typlcal microstructures for
this step contained chromium sulfide particles in the alloy and an oxide acale
vhich was permested with Nneﬂou and contained oxides of all the elements in
the alloy, Figure k6c, Microprobe analyses of much sections showed that in
the scale immediately adjacent to the alloy localized areas of molybdenum en-
yichment were present, Thesa results show that during step U4 the oxides formed
during step 3 are reacting with l‘laaaoh and making it acidic, BSince Moo3 hes
» grester affinity for oxide ions than AL,0,, it converts the AJ.OE' - ions to
A1203, hence the amount of water soluble aluninum ir decreased,

In ateps 5, 6, 7 and 8 the rate of attack gradually incresses, The pH
of the wash water gradually beccomes more anidic and the amount of soluble
molybdenum and nickel inoreases whereas the chromium and sulfate concentration
gradually decreace and the aluminum remains st very low values, Table III,
Metallographic examination reveals structures similar to Figure L6ec but the
localized molybdenum enrichment becomes increasingly larger and more prevalent,
Pigure L6d, During steps 5, 6, 7, 8 there ir a gradual snrichment of Moo3
in the N“asoh and the attack rate increases as more of the surface is covered ’

with the Mo03 - N“2M°°l+ - NaEBO,‘ solution which cuuses degradation via the

acidlc fluxing process desoribed previoualy,
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The results obtained with the N1-8Cr-6Al-6Mo are essentlally the same
as those obtained by Fryburg et ﬂ.(lz). These authors, as well as Goebel
et 31(7), proposed that the atteck of the B=1900 alloy took place by acidic
fluxing whersas Bornstein and DeCrescente favored basic fluxing (3) + The
results obtained in the present study indicate that the initial stages of
degradation of B-1900 take place because of basic fluxing but the propsgation
5 in the salt (1.0.
Na,Mo0,, - N-Esou) is incressed to sppropriste levels. Iy is apparent that

mode changes to acidic fluxing as the activity of MoO

substantial attack occurs at activities of Moo3 in the Nuzsou significantly
lower than unity (e.g. 0,1)(29),

The results obtained with IN 738 show that hot corrosion degradation of
this alloy can occur because of alloy-induced acidic fluxing, It is apparent
however, that much longer Limes are required to induce this attack in IN 738
than in 3-1960, Plgure 45. In the case of B-1900, it was found that the Ni-
8Cr~6A1 composition was very susceptible to basic fluxing, Figures 1 and 26.
On the other hand, the Ni-16Cr=3,UALl composition is much more resistant to
basic fluxing, Figure 47, Hence, IN 738 is more resistant to the onset of
alloy-induced acidic fluxing than B=1900 because the chromium and aluminum
concentrations of the IN 738 are reaistant to basic fluxing degradation, which
is a precursor to acidic fluxing in both B=1900 and IN 738, Another factor
favoring the longer times for hot corrosion attack via the scidic propagation
mode would he the lower concentyation of refractory metals in the IN 738 come

pared to B~1900,
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Since IN 738 was observed to eventually undergo hot corrosion via alloy-
induced acidic degradation, it would be expected that & Ni-16Cr-3,4AL-1,75Mo=-
2,6W alloy would exhibit similar behavior, Weight change versus time date obew
tained for Ni~l6Cr=3,4ALlsl, T5Mo=2,6W using conditions that produce hot corrosion
attack of IN 738 are presented in Figure 47, No severe attack took plece,

When about 0,1% carbon was added to Ni-16Cr-3,4AL-l,75Mo-2,6W, substantial

hot corosion attack of this alloy was observed, Figure 47, It appears that
carbon causes the effectiva chromium concentration of the alloy to be lowered
via the formation of chramium carbide, since an addition of O,1% carbon to
Ni-16Cr=3,4A1 also caused this alloy to become more susceptible to hot corrosion
attack, Hence, basic fluxing attack of Ni-16Cr=-3,U4Al=l,75Mo=2.6W can be
initiated more quickly when carbon is present in this alloy and therefore oxldes
of molybdenum and tungaten become available sooner to initlate the aclale
fluxing process, In order to compare the effect of chromium and carbon on the
hot corroalon resistance of IN 738 - type of alloys, specimens with & low
chromium concentration but no carbon and a high chrouium concentration with
carbon were tested, It was cbserved that the alloy with low chromium and no
carbon was attacked, whereas the alloy with high chromium and carbon was not,
Figure U8, As proposed by Meler at al(3h), the attack of carbide phases in

IN 738 can also, by 1t|oIf, be a meuns of adding molybdenum or tungsten to the
salt melt, since the carbide phases contain molybdanum end tungsten,
Preferential attack of carbide phases during the hot corrosion of alloys has

vean observed ),
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A great variety of different fluxing effects can be observed when hot

e i L e i

corrosion attack induced by different salts (e,g. Nu?_COS, NaNOB, etc,) is
examined, This peper is concerned with N‘esoh and Naesok containing NaCl,
Since molybdenum in alloys has been cbsarved to react with N‘asoh to produce
Na.eMoou, it 1a of valus to compars results obtained by oxidiming alloys coated

ik

with depositas of N‘as% and NAEMoou. Such results obtained with the Ni-8Cr-6Al

1
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alloy are presented in Figure 49 which indicates that more severe attack of !
the alloy took place with Naaﬂou than Na.QMoOh. A substantial difference between

the vaporization of theme deposits from the apecimens was not observed, It is

TPV -t 5,

belliaved that the different amounts of hot corrosion are due to the fact that

PTEIE -

a substantial amount of oxide ions ars produced as a result of sulfide formation
in the case of N».‘,aso,+ and thene oxide lons caune hot corrosion attack, In the

Nl.eMoOu there is not an equivalent means to produce oxide iona (oxide ions can be

produced in both N‘P.SOh and NaQMoo,* via evaluation of 803, Soa or MoOB) becauss
the Ni.8Cr~6Al alloy does not react with the molybdenum in N‘2M°°u as it does
with the sulfur in the Naasok. Hence, the attack induced initially by N|2Mooh
probably proceeds by soms mechanism such as that described in Figﬁn L4, where
the ionic species responeidle for the transport of metal away from the alloy
surface can be postulated to be Moo,f' and Moof'.

When experiments to compare the hot corrosion attack induced by Nuesoh
and Na,MoO) were performed using Ni-8Cr=6Al-6Mo, alloy=induced mecidic fluxing
Wwas observed sooner in the case of Ns_80, then Najtoo,, Figure 50, Alloy
induced, acidic fluxing hot corrosion attack of thim alloy is caused by

the accumulation of Mcao3 in the salt deposit, It may, therefore, seem inconsimtent

that the attack is observed sooner with Na.asoh than NnaMoOh deposits, Molybdenum \
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must be supplied by the alloy, however, in the case of both deposits, Sodium
sulfate causes more of the alloy to be attacked initimlly than N‘2M°ol+ and
more molybdenum oxide is developsad initially ln the case of the Naasoh deposit,
After longer times, enough molybdenum is introduced into the NaaMoOh to produce

attack via the same propagation mode and the hot corrosion rates are asimilar,

Figure 50,
Summaxy of Fluxing Processes

The various reactions by which hot corrosion via salt fluxing can occur
are summarized in Table IV, In this table, category A covers the basic processes
that ocour due to the production of oxide ions in the N-.asou, an a8 result
of removal of oxygen and sulfur from the N‘25°h by the alloy, The hot corrosion
attack may ocour becsuse of the solutlion of oxide in the Na80,, A(1), or
solution and precipitation A(2). In both cases, the attack is not melf=
suataining, but rather is controlled by the amount of Naasoh unless the

gas phase containe 80 Category B covers tha Rapp-Goto modal(ah) » whera hot

3*
corrosion attack does nnt require sulfur removal from the melt, but occurs
becauss of a negative aolubllity gredient of the corrogion product in N“zsou'
Categories C, D, B and F cover acldlc processes, C and D involve solution
and precipltation processes where the acidic component comes from the gas phase,
Category F is for the au:nn type of processes ‘bu't- the acidic component comas
from the alloy, Category E covers the Rapp-Goto concept for acidic melts,
In this table, localized cel) activity ham not Leen considered, Coupling
betweean the various charged particles during diffusion ls supposed to occur in such
a manner that electrical neutrality 1ie maintained, It ia pomeible, however,

that the anodic and cathodic reactions may take place at different sites re-
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sulting in develomment of potentlal differences, This condition posaibly
results in growth of pits eimilai to those cobserved in aqueous corroaion(35).
However, in those cases where hot corrosion atteck is localized as pits, the

E g | portions of the surface which have not undergone hot corrosion attack are still

‘. ? ' covered with protective oxilde scales, Cathodic reactions closely similar to

Salt Component-Induced Hot Corrosion

As a result of salt deposition, elements from the salt can be introduced

i

! f those of aquecus reactiona therefore do not seem poaaible,
i
{

0 i into the corrosion product or the surface regions of alloys and eventually

affect their oxidation behavior, A greét varisty of elements could produce

such an effect depending on the deposit composition, In the case of Naesoh
b and NaCl deposits, the significant elements are sulfur and chlorine. Another

1 : element that can also be important is carbon since the environments that cause

T LA T T T R AT
- s

hot corrosion attack usually result from the corbusticn of soms type of fuel,
a Carbon may be formed therefore, on hardware during some phase of the combustion

@ f . process, In the following, the effacts produced by each of the elements will

) . be considered,

y
( f Sulfur-Induced Hot Corrosion
\ ? The oxygen preasure in N’PSOM deponltr at the alloy-NaPSOh or oxide-

v N“asoh interfaces can be very low, Figure 2lia, For exumple, the microstructures

| ghown in FPigwes 26c and 46b show that the oxygen pressure in the N“eaoh at
the alloy interfuce ia below that required to oxidire nickel, For such low

g oxygen pressures in Na.280h the gulfur pressure lg usually high enough to form
sulfides of aluminum and chromium, and in some cases even gulfides of cobalt,

. preasure is very low, Figure 25, Tho accumulat ion

{ nickel and iron unless the 80,

g v 49~
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of these gulfides in the alloy can result in substantial degradation during
subsequent oxldation, TFor exemple, in Figure 51, welght change versus time data
obtained for a Naesou-coated specimen 1s compared to that of & presulfidized
specimen where ‘the amount of sulfur added to the alloy wes controlled to equal
the amount of sulfur in each application of the Nazsoh. The degradation of

the presulfidized specimen is mbout the sama as that for the NaQSOh - coated
specimen and both are degraded substantially more thun the specimen with no
sulfldizing pretreatment nor Naesoh spplication, Thls shows that the primary
mode of hot corrosion degradation for Ne.ESOLF - coated specimens of Ni-25Cr-6Al
axposed at 1000°C in alr is sulfur-lnduced degradation,

Some alloys are much more susceptible to sulfur~induced hot corrosion
degradation then others. For example, the Co-25Cr-6Al alloy is much more
resistant to this type of attack than NL-25Cr-6Al, Figure 52, The greater
susceptibility of the nickel-base slloys to sulfur-induced attack is generally
observed only when aluminum is present in the alloys, Flgure 53, It appenrs
that nickel base alloys with aluminum contents between 6 to 12 weight percent,
are relatlvely resistant to ‘this attack and that degredation
takes place after the aluminum has hean reduced by oxide gpallation in a
cyelle test, Figure 3.

Sulfur-induced hot corrosion causes accelerated oxidation as a result of the
formatlon of less protective oxlde scales, Buch scales are formed due to the
presence of sulfides in the alloys. Sulfur-induced accelersted oxldation is
also observed during the oxidastlon of alloys in 802-02 or H2S'H20'H2 &as mix-
turescﬁsyi)where the gulfide formatlon occurs, due to sulfur in the gas rather

than from the sulfur in the Naasou. Sulflide formatlon in alloys, as & result
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of sulfur in the gas or in deposits on the surfaces of alloys, can cause the
formation of nounprotective oxide barriers on alloys by at least three different
mechanisms. In one mechanism the oxldation of alumlnum and chromium dissolved
in nickel or cobalt sulfide results in the formation of discontinuous particles
of A1203 or Cr203 rather than continuous, protective layers, Figure Sha and b,
Another mechanism involves the formation of nonprotective oxides during the
conversion of certaln sulfides to oxides, Figure 54c and d. The smaller volums
of the oxide compared to the sulfide may cause the oxide to be subjected to-
tensile stresses, The third‘mechaniam by which nonprotective cxides are

formed involves effects produced by internal sulfides on the selective oxidation
process, When sulfur diffuses into the surfaces of alloys, it usually reacts
with the gams elements that are diffusing to the surfaces of alloys to combine
wlth oxygen to form continuous oxide barriers, The formation of such sulfides
appears to néuso the flux of the elements being selectively oxidized to be de-
creased, This condition develops even though the sulfide particles usually
dissolve and reluase the metel to resct with oxygen. The metal in solution in
the alloy 1s apparently more sultable for selective oxidation thaﬁ s dispersion
of metal sulfides in the alloy. At any rate, the decrease in the flux of such
elements to the surfaces of alloys can result in the formation of oxide scales
which are less protective than those that would have formed in the ebsence of

the sulfide precipitates,

Chloride~Induced Hot Corrosion
There is a substantial amount of data availabla(lu) which show that
extremely small concentrations of NeCl (e,g. ~ 3~5 pmm) in deposits on the

surfaces of alloys or in the gas phase cause +the oxlde scales to spall more
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profusely when subjected to growth-induced and thermally-induced stresses,
The mechanism by which the scale adhesion is decreased is not understood.
It has been found that chloride ions tend to concentrate at the oxide-alloy
lnterface 37) .

While the ndverse effect produced by NeCl or chloride ion on oxide
scale adhesion is & very significent factor in many instances of hot corrosion
attack, somewhat larger coaucentrations of chloride (.8, ~ 1 weight percent and
sbove) can influence hot corrosion attack.by 8t1ll another procems. In
Pigure 14, the hot corrosion attack of a CoCrAlY-coating at 900°C in air with
deposits of Na 80, , Naasou-s% NaCl and Naasoh-90% NaCl 1s compared, It is
apparent that the severity of the attack inoreases as the amount of NaCl in the
deposit is increasged,

I{ has been observed that rather unique microstructural features are
developed when chloride ion im present at concentrations sufficlent to ine
fluence hot corrosion by a mechanism other than by decreasing oxide scale
adhesion, As shown in Flgure 55, the corrosion product contains e zone of
particulates and volds in advance of the external scale, Microprobe analyses
have gshown that thQ zone lmmediately beneath the external gscale appears to bhe
predominantly A1203 particles, Figure 55b and ¢, Aluminum but not oxygen was
detected in the zone imnédiately adjacent to the unaffected alloy, Figure 553
and f, Chlorine was also detected in these more interlor reglons of the zone
of internal attack, All of the aluminum had been removed from the alloy in
the zone of internal attack and a steep gradlent in chromium was detected
between the unaffected alloy and the external scale, The inner part of the

external scale contained oxides of aluminum and chromium and the outer part
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was more rich in cobalt, A detalled examination of the zones of internal
attack, Plgure 56a, showed that pores extended through these zones, Figure
56b and ¢, These pores often could be associated with the g-CoAl phase
in the CoCrAlY, Figure 564, but they 4id not have the exact shape of this
phase,

Nickel and cobalt alloys containing chromium but no aluminum are also
more severely attacked by Nuasoh-No.Cl mixturas than pure N‘asoh' Data
1ls presented in Flgure 57 to show the effeact of Nell in NQ.QSO,+ for the
ayclic hot corrosion of N1-250r-6A1 and Ni-30Cr specimens, Tha exect
degradation microstructure that is developed depends upon the alloy composition
and the amount of NeCl in the N‘zsoh' The end result, however, apprears to
be generally the same, namely, when chloride is present in the deposit the
oxidation of the elements that usually result in centinucus and protective
oxide burur‘s occurs in such 2 manner that these oxides are formed as dise
cont inuous particles, Figure 58,

The machanism by which chloride causes more rapid consumption of the
elements (i.e, Al and Cr) that usually confer oxidation resistence in alloym
appears to involve the formation of chloride phames, In view of the grester
stabllity of oxides and sulfides compared to chlorides, the salt must become
deficient in oxygen and sulfur before chloride phases may be expected, Hence,
the following sequence of reactions can be hypsthesized,

Pn » Pq s
o,’ ¥8, PNaC1

(1) (Ne, 80, ~NaCl) + (A1,0r) -~ AL, 0, + Cr, 0, + Cz8 +
2l 2

liq. alloy 23 3

[ [} !
P s Pg s
o, P8, Prac1

(ansoh-nwl)l 1.

1 ] ]
where p. < p P < p >
0, = Po,’ Fs, 8, Pyaci ~ Piacl
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(2) NaCl + 2A) (alloy) + O

s N&\Aloz + AlC1

(3) 2A1C1+ = o

2 ~ AL, * Cl,

2 P

(4) C1, + 2Al(alloy) = 2ALCL

Equation (1) and Figure 59a show that the melt adjacent to the alloy cen be..me
enriched in NaCl due to oxide and sulfide formation, In localized areas, the
NaCl component of the Nagsou = NaCl melt may then begin to react with certain
componante in the alloy as proposed by Rquation (2), This reaction takes

place firat with elements for which the thermodynemic conditions are most
favorable, For example, reaction with aluminum is observed before chromium
but chromium doea react when the aluminum concentration has been reduced, As
the metallic ohléride movas outward through the melt, oxygen pressures are
encountered for which the metallic chloride ia converted to a metallic oxide,
Bquation (3) and Figure 56b, and the chlorine is recycled to resct with
elements in the alloy, Equation (L), Continuation of this procens, rénultu

in the development of pores that are coated with discontinuous, nonprotective
oxlde particles, Figure 59c, The pores have been cbserved to grow extremely
rapid at tempsratures as low as 6%0°C, Strikingly similar structures have been
observed at much lower temperatures as s result of agueous corrouon(Ba).

In these cases, pores growth via the preferential removal of an element is
accounted for by surfuace diffusion of those elements not reacting with

the liquid, or by their solution into the liquid followed by subsequent
preclpitation on the sides of the pore as indicated in Figurs 594, Such
effects would account for the development of pores assoclated with phases

rich in aluminum, or chromium, but not having thelr exact shapes, As the
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i process of pore development continues chlorilde is gradually lost to the gas

W o phase, The time at which the chloride concentration becomes insufficient

3 ! ' ; to react with the alloy depends on temperature, salt composition, gas

L composition and alloy composition, When such a condition is reached the
innermoat portions of the pores begin to react with sulfur and the degradation

process proceeds viea N"asoh = induced hot corrosion, Iigure 59e, The
*l o presence of chloride, however, has caused the alloy to become depleted of
aluminum and/or chromium, and the surface area of the alloy available for

reaction with the Nnesol+ has been increased due to the fomatlion of pores,

pon Carbon-Induced Effeats During Hot Corrosicn

‘l
\
I
é : o In procemses involving combustion, it is not uncommon to have carbon

deposited on materials, Moreover, hardware can become covered with unburaed 3
fuel and subsequent combustion will result in very low oxygen pressures over ‘
: ) the alloy in the vicinity of the excess fuel, The reduced oxygen pressure -i

due to the presence of carbon or excess fuel causes metals and alloys to

o become more susceptible to effects produced by other components in the

environment (e.g, sulfur, carbon, nitrogen), This condition is especially

NSN3

obvious when selt is also present on the alloy surface, For example,

i

specimens of Ni-16Cr=-3,4AL were not substantially degraded after 8 hours

b : . exposura at 1000°C in alr when coated with Naasou, Figure 60a, or immersed

in an a-AlaO3 crucible filled with carbon, Figure 60b, However, the sulfur

from the Na.asou and the carbon did cause a more pronounced translent period

! of inltial oxidation since an extremely thin scale is usually formed on

§

$ this alloy during exposure to alr at 1000°C without Naesoh or carvon, The
‘.“ ? 4 attack of this alloy is substantially inoreased wheneaver Ihaﬂo,+ - coated

‘ 3 o “55
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; specimens are irmersed in U-A1203 erucibles containing carbon or liquid fuel,
Figure 60c and 4, Similar affects will be ochserved for virtually all alloys
but the magnitude of the effect and the dominant microstructural features
depend upon the particular alloy's composition, the composition of the salt,
tenperature and the types of environment developed over the alloy surface
by the burning carbon or fuel where this latter parameter changes with time,
The influence of carbon on the Nazsoh = induced hot corromion of alloys
has besn studied pwevioully(sg). It 4s rather apparent that an excess of

carbon or unburned fuel causes the oxygen pressure over the alley to be sube

stantially reduced and elementa in the alloy therefore react with the sulfur

in the N“asoh' Since sulfur is removed from the N‘25°h’ oxide ions are pro=

E' ; duced, Hence, the mechanisms of hot corrosion attack which are influenced
*- by the reduning conditions are the bvasic fluxing and sulfur-induced pro=
)

pagation modes, An example is presented in Figure 61 to show that reducing

ke Tt E. aTamem.ELT I

f , conditions resulted in the hot corrosion attack of a CoCrAlY coating alloy

via a sulfur-induced propagation mode, This coating is not significantly

ﬁ attacked by Na280u in air, Figure 38a, but substantial attack is observed
by periodically exposing ansou = coated specimens to excess fuel, Figure 61;.* r
; Examination of such specimens shows that the attack occurs by the formation of
‘ sulfides in the coating, Figure 61lb, which are subsequently oxidired as the

oxygen increuses ufter combustion of the fuel, Figure 6lc, Depending upon the

BB ccnd SR Gaman U

K conbustion cycle, the sequence of sulfidizing-oxidizing conditions can be

[

! * The excess fuel test consisted of adding 5 ml of #2 Jlesel fuel to a platinum
R ! or an alumina crucible and suspending the N’asoh ~ coataed svacimen at the top
. of this crucible, The crucible was then placed in a box furmace at 1300°C for
oo 30 gec., to 1 min, After this exposure the crucible was placed in a box furnsce
i f at 700°C for about 10 hrs., This procedure, which constituted one cycle, was
. | repeated until attack of the specimen was evident by visual exsmination,
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rapld enough that little evidence of the oxidized sulfide particles is
apparent, Figure 614, In fact, it is probably best not to assume that such
attack, Figure 614, is indesd caused by sequential sulfidation-oxidation,

While sequential variations in the oxygen pressurs of the gas (i.e,
reducing - oxidizing cycles) favors hot corrosion attack via basic fluxing
and sulfur-induced propagation niodes, such conditions cen also influence
hot corrosion attack via other propagution modes, The IN 738 alloy,when
coated with “‘23°u and exposed to air at 1000°C, eventually undergoes very
severe attack via the n.lloy-;nduoed scidic fluxing propugation mode but long
exposure times are necessary before this attack occurs, Figure 45. When this
alloy is coated with Nuesoh and heated at 1000°C very little attack is
evident after 1 hr,, Figure 62a. Exposure to an excess of burning fuel at
the same temperature but with no Naasoh also does not cause substantial attack,
Figure 62b, -Whon N-asou = coated apecimens are exposed to excess burning
fual, the features typical of scidic fluxing degrsdation are cbserved after
exposure times as short as one hour, Figure 6lc, The reducing conditions
probably csuse the attack to be initlated via the basic fluxing md sulfur-
induced degradation modes, The attack then causes the molybdenum and tungsten
in this alloy to be concentrated in the salt at the alloy-socale interface and
attack by alloy=induced acidic fluxing becomes dominating,

Hot corrosion attack induced by chlorldes, as described in Figure 59,1is
especially effective when the oxygen premsure at the salt-alloy interface is
low, Buch attack is therefore greatly enhanced whem in combination with carbon

deposits or excess fuel,

-57.

s AR ey 2R o i e o s £ Al S A L s e




B i A=l -

e Y

bl ey

in e o o

R e

)
h-
3

Interaction Between the Various Hot Corrosion Propagation Modes
Previocusly, the interaction between basic fluxing and alloy-induced

acidic fluxing was discuased, It was shown that for environments consisting
of oxygen and N‘25°h’ the basic fluxing propagation mode preceaded the alloy-
induced acidic fluxing propagation mode. In fact, as a result of basic
fluxing, the alloyeinduced acidic attack wes observed socner. Interaction
between the various propagation modes for Nqasou induced hot corrosion

atteck is quite common, One particular degrsdation mode may be dominant

for ahort exposure periods and another after very long exposures, or the
dominant modes may change with temparature, Hence, in attempting to identify
the slloys which are degraded via particular propagation modes these inter.
actions must be taken into consideration,

Basic fluxing and sulfureinduced degradation are two propagation modes
that are uften followed in sequence with the bvaslec fluxing mode precesding
the sulfidation mode, Such a situation arises since the basle fluxiné mode
requires oxide ions, and sulfur formation in the metal or alloy is a means of
producing oxide ions, Eventually, the accumulation of sulfides in the alloy
can result in degradation via the oxidation of these sulfides, It muat be
noted, at this point, that there are some alloys which are degraded much more
severely by one particular propagation mode, even though two modes may have
been opsrative sequentially., Nickel- and cobalt-buse alloys containing
more than 20% chromium and no aluminum are not substantially degraded by
basic fluxing and the significant propagation mode for alloya with no re-
fractory motals is sulfidation, Figure Shc and 4., On the other hand, the

Na.asoh-indueod hot corrosion of nickel and cobalt via basic fluxing 1s sign=-

=
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ificant in comparison tb the orxida;ti.on of the sulfides formed in these metals,
Figure 29.

" Ges induced scidic Tluxing and sulfidstion degradation are propagation
modes whose dominance can change with tempersture. For example, SO,-induced
acidic fluxing requires a supply of 803 to be furnished from the gas.
Consequently, the sulfur pressure in the Na SO, deposit becomes quite high

as oxygen is removed from it by the alloy. At low temperatures (e.g. 600°-
750°C), the gas induced acidic fluxing process can be extremely rapid and
sulfide formation in the alloy is therefore, often negligidbly small, Figure
4O, The amount of sulfide ft;mtbion rrogressively increases with temperature,
however, since the thermodynamic conditions become less favorsble for the S0,-
induced fluxing process and sulfur diffusion into the alloy becomes more pro-
nounced. At temperatures of 1000°C excessive mmounts of sulfides can be formed
and their subsequent o:::77%ion can result in severe degradation, Figure Sl.

Alloy=-induced acidic fluxing is usually preceded by some other propegation
modes since molybdenum br tungsten from the alloy must be axidized and added
as oxides to the salt deposit. The most common propagation modes to precede
alloy induced acidic fluxing are basic fluxing and sulfidation, Since these
two modes are favored by high temperatures, alloy induced acidic fluxing is
often observed at temperatures above 900'&:.

Chloride-induced degradation can precede any of the propagation modes
described in this paper. Chloride induced attack preceding ancther propagation
mode will normally be observed with &‘I.J.oys that are resistant to degra:dation,
and the chloride-induced attack will produce depletion of elements tc;;levels

at which the other propagation modes can becane dominant, Figure 58, Carbon-



induced effects are not mechanisms by themselves but do causoe conditions
to be established (e.g. low oxygen pressures) that can result in the onset
of degradatlion via a propagation mode much sooner than what would have
occcurrad without any carbon,

Even though the hot corrosion propsgation modes affect each other and
this interaction depends on temperature, it is of value to attempt to
describe the alloys which are the most susceptible and most resistant to
attack via each of the propagation modes, In Figure 63, alloys which are
susceptible or resistant to the various propsgation modes are identirfieq, »
and techniques to inhibit the attack are presented, In this Figure, the
influence of environment is indicated by progression from gases with no
803, vhers baslc fluxing would be favored, to gases with inoreasing amounts
of 803 where gaa=induced acidic fluxing could be expected, Sulfur-induced
degradation and alloy=induced acidic atteck can ocour in gases with or
without 803, and thess two propagation modes are therefore, contninua in
the intericr of the diagram, The effects produced by chloride and carbon
are included in this diagram by considering their influence on the other
propagation modes, This is a reasonable approach for carbon, since it huas

been found that carbon effecta manifest themselves tﬁrough changes produced

in the oxygen and sulfur pressures in Naesoh; A similear condition is not
true for the chloride~-induced effects becsuse the presence of chlorine

can result in hot corrosion atteck by & distinct propagation mode, Figure

59, Such effects, however, do cause depletion of certain elsmenta from
alloys, and one of the other propagation modes therefore, usually follows the
chloride-induced propagation mode,
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The metals and alloys which are suceptible to bamic fluxing are nickel,

cobalt (Figure 29), Ni-Al and Co-Al alloys which are Al203-fcmern (Figure 4),

and Ni<Cr~Al alloys with chromium and aluminwn cencentrations below that re-

A b gl
e O e R

required to form external scales of Cry0, or Al,0,, (Pigures 26 and 27), The
| most effective procedure to inhibit basic fluxing is to increase the chromium

content of the alloys, At low chromium concentratiocns, chromie reacts with the
‘ oxide lona in the NLQBOH_ rather than NiO or Co0O, Hence, proctective scales of

‘ these latter oxides are formed and grow to thicknesses for which oxide ion

L ey e e o

S T N I . iy e o
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i production in the “‘25°l+ ia not aignificant, At higher chromium concentrations,
o wvhere continuous Cr203 is formed on alloys, these chromias sceles are not as

susceptible to solution and reprecipitation from the Naesoh as 46.120:.3 appeara

e s

to be in the absence of chromium, Chromia scales are therefore, very effective

barriers to basic fluxing., 8ince basic fluxing requires that an oxygen gradient
i be developed across the Nnesou, the formation of oxide scalea that grow slowly

B L eniy TR S st et Slrase-

5 and consume as little oxygen as possible is an effective means to ccubat
basic fluxing. The addition of chromiwn and aluminum to alloys results in
improved resistance to basic fluxing providing, continuous burioz;a ot A:l.ao3

or (2«':'203 are formed., When the concentrations of these elements are less than

that required to form such scales, it is ‘best not to have any aluminum in
} the nickel-base alloys, becsuse, under such conditions, large amounts of ;.t
1 sulfur are removed from the Ntzli!ol+ along with concomitant oxide lon production,
3‘. Chloride in Nnesoh deposits causes basic fluxing effects to be observed sooner
]" by depleting the alloy of aluminum and chromium, Thin layers of platinum (v Sym)
‘ on the surfaces of alloys have besn found to be effective in inhiviting such

chloride~induced iff‘ctl(uo). Carbon causes basic fluxing to be observed sooner

61~
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due to the reduced oxygen pressures which develop as a result of its
presence,

The oxidetion resistance of virtually all alloys deteriorates when
sulfur is presant to the extent that sulfide phases exist within the alloys,
Nickel=base alloya containing between L to 6% aluminum are extremely
susceptible to this typs of hot corrosion atteck, Figure 5, BSuch attack
can be inhiblted by increasing the aluminum concentraticn beyond six parcent
and/or replacing nickel with cobalt. Increased chromium soncentrations are
a very sffective means to inhibit degradation via sulfidation., Chromium
conbines with sulfur to form sulfides with relatively high melting points,

At nigh (e,g, ~ 2090 and greater) alloy chromium concentretions, protective
Cr203 scales are uiten formed on these sulfides, The chromium concentration
should not be wo high, howaver, that the o«Cr phase becanes stable, Even
when less protective oxides are formed on the sulfide pheses, the dcg;adation
rate is still significantly less thun that of similar nickel«base alloys
containing aluminum, Figure 9, Chloride induced degradation results in
accelerated depletion of aluminum and chromium from alloys, and therefore,
the presance of chloride in deposits causes sulfidation degradation to be
observed after shorter exposures times, Figure 58, Thi introductlon of sulfur
into the alloy from the Naesou 48 favored by low oxygen pressures, Figure

24, and hence, carvon in deposits hastens the onaset of hot corrosion degradation
via the sulfidation prupagation wode,

Alloy~induced acidic fluxing results from the mccumulation of oxides such
as M°°3’ WO3 or V205 in salt deposits on alloys, Eusceptible alloys are

therefore, those with high concentrations of such elements (e.g, NX-188), or

+
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alloys with smaller concentratlong of thege elements but with compositiloas
that permit severe attack of the alloys by one of the other hot corroslion
propigamdpn modes (e,g, B-1900, WI 52). This form of hot corrosion attack
can bs inhiblted by decreasing the coacentrations of the refractory slements,
molybdenum, tungsten and venadium, I% ia not certain whether columbium
causas effects sinmilar to these three elenments, Tantalum dows not, and
therefors, appears to be a reasonable replacement for Mo, W and V in alloys,
Modifications to inhibit the oxideation of the Mo or W in alloys is an
effective means to inhibit alloy-induced acidic attack, Incressed chromium
concentrations have hr~en umed to achieve such e condition, Figure 33 (e.g.
1 4 738,'HA-188). As usual, chloride and carbon in deposits cause alloy~
induced effects to be cbservad sconer, Figure 62,

All alloys can be attacked via gas phase-induced acidic fluxing depending
upon the SO3Iprcauure and the temporature, Silica and chramia scales
on alloys appear to be the most resistant to degradation via this mode but
even barriers of theys oxides can be destroyed al sufficlently high 803
pressures, Nevertheless, incressed chromium and silinon oonoontr‘tionl deo
appear to be a means of inhibiting the attack of alloym by gas pnate
induced attack, At low temperatures (e,g, ~ 700°C), this attack is only
severs when the salt deposit is a ligquid, In the case of N‘asoh daposits,
a liquid phasa usually is developed much gooner on ccbalt-base rather than
nickel-base systermw, A detalled examination im required of the effects
of chloride and carbon on gas phase~induced hot corrosion, At present, it
appears as thouah both of these factors will caume the attack to be initiated
sooner, but they may not have a substantlial effect on the rate of this pro-

pagation mode eafter it has been initiated,
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SUMMARY AND CONCLUDING REMARKS

There 18 no question but that the hot corrosion of multicomponent alloys cen
be a very complex phenomenon, Nevertheless, progress is being mede on under=
standing hot corrosion, For continued progress, it 1s necessary to look upon
hot corrosion as being composed of an initiation and a propegation stage, During
the initiation stege, the alloy is being preconditioned by the salt or ash
deposit and the gas environment to degrade via a particular propsgetion mode,
The effects produced by dlfferent elements on the hot corrogion process should
be qualified ag ‘to whether the effect occurs in the initlation stage or the
propagation stage, and 1f in the propsgation stage, for which propagation
mode, The problems that have resulted due to & lack of unification of the
hot corrosion process are presented as follows:

o It has been stated that cobalt base alloys are more
resistant to hot corrosilon attack than nickel-base alloys.

Such a condition is true only for the basic fluxing - sulfidaetion
propagation modes and then only for alloys containing aluminum,

e Some controversy exists as to whether molybdenum and other aimilar
elements, such as W and V, produce heneficial or deleterious
effects on the hqt corroglon process, This element Inhibits basic
fluxing effects but couses alloy-induced acidic fluxing, Hence,
depending on the propagation mode, it can produce elther beneficilal
or deleterious effects, |

® Aluminum hes been reported to produce elther beneficial or
deleterlious eff'ects on hot corroslon and this is true, The

addition of 1 to 6% aluminum to a nickel chromium alloy greatly
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decreases its resistance tuv attack via the basic fluxing and

|
1
;

sulfldation modes, On the other hand the addition of aluminum

to Co-Lr or Fe~Cr alloys, or to Ni-Cr allcys at levels above

10%, produces increased resistance to degradation via these pro-

ARl S T

SR T

pagation modes.
e Hot corrosion attack of materials has been given the misnomer,
"sulfidation,”" One of the propegation modes is indeed sulfidation.

Hence, sulfidation i a type of hot corrosion, but all hot

corrosion does not necessarily occur via sulfidation,

v ; ; o A number of explanations have been used to account for the beneficial

) i ‘effects of chromium on ‘the hot corrosion process, However, all of -g

@' S the propagation modes are less effective as the chromium concentration fa
is increased, Hence, indeed, there should be a numbar of different s

E“ ; s expldnations to account for the effacts produced by chromium, ;

y ? ] Other elements of significance in hot corrosion attack are: Ta, Ti, Cb, -T

% ; 81, Mn, Zr, B, Cu, P, Zn and Po, At present, sufficlent data on the effects

A produced by these elements are not avallable to make any moaningfui comments, §

It is important to emphasize that future investigations directed toward

examining the effects of these elements on the hot corroslon process should

be mindful that hot corrosion occurs visa different propagation modes, and

WS i e

hence the effscts attributed to given elements must also be assoclated with

oot

i _{_ specific propagation modes,
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Table II

Analyses of Wash Water from
Ni-8Cr-6Al Specimens With
“‘23°u Daposits After Exposure at 1000°C
in Alx for Different Times

3

b Time % Remaining 2 Cr Al N4 M
- (Min, ) Na _80, 5 (pe) (ug) (ug) pH
- 1 100 100 <20 ko <5 6,4
O .

: i 2 100 ok 50 260 <5 7.9
; ! 10 74 29 b20 260 <5 8.1
3 30 72 19 1310 200 <5 8,0
;

_ * pH of water prior to use was 5.k,
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o Table III

Y - Analyses of Wash Water from

& g ] Ni-80r-8Al-6Mo Specimens

Lo With Na,80, Deposits After Lxposire

oL at 10009 {n Alr for Different Tinss

FoL

% t‘ Stage

{ ! (see Time % Remaining Cr Al Ni Mo .
o1 Tigure 33) {in,) Na 80" L) L) Le) Le) @
M-

) t ) 1 (O 100 97 2 <5 7.5 <6 6.4
o 2 19 0 1200 b5 <5, 75 15 5,8
oL 3 2 93 38 175 W3 7T 90 7.8
! ; L 9 100 67 140 9 7.5 1080 5.9
o " 15 100 72 125 <5 % 15 5.8
- 5 82 200 72 260 <5 172 2950 5.7
F { i 6 336 100 18 102 <5 610 3880 5.3
SR 7 303 % 1 125 <5 90 kaso 5.2
| i 8 218 98 24 52 22 1090 4150 5.1
Lo

S .

§‘_‘ % ] # pH of water prior to use wea 5,4,

Akl it i oditila ditadl G




“(42)

Hos%ey O Oy 3O AITTIGNTOS U JUSTPelp aAT3uBoy @ JO JINS9Y ® §8 Oy JO WoT3e3dIoadg pUe UOTINTOS €

2312 wnopyeqidioaad 98 o7SRq ATIWSTOTIINS S3WOIQ T UIGA dojs Tipa
XJ83]8 IFFAINIO ‘ATRITUTISPUT PIdodcad 03 98398 J0J IIpIo UL pIInbar s momuo.ﬁmmﬁ \'}

_P + (sra1dr2exd) oV (wT3nT0S) ove_p +% < + (foTme)v
uoygsyrdrosadsz pus worInTos (2)

- qesaxd Arrerarur Togden Jo JumoEs Mo IEpERdSp ST YY8IIS PUS JOVAGN 0F POTRAUSD T OS aN

2o e + % <
-0V P +0F + (forTR)YV

OV JO UOTINTOSSIp snonupjuo) (1)
€908IN00 2 AOTIQJ UWBD SUOT IPTXO pUe (Y US3A}3q TOTIDESYH

(ov u3IA (forre M _ o (forre mIn , _  (37sodsp
UCI3I6RL I0F) _ O + WOTIMII I0F) %0 F + UOPIRL 203) 5§ - 372Ins) -Naom

s £0TTY I0 Te3aN
aqy £q Mos%ey aq) mozz UEBAXQ pwe InJTnS JO TeAGESY 03 Ing (OV "3°I) ‘3IMpolJ UOIoweY JO UOTIN[OSSTE ¥
558550033 O19%d

shoryy wo s51sodag ogey Jof
SuoT108ey BUTINTH 3TVS FTAFSOI

AT STIqBL




t
€os + zmaom - s+ % .m + (foTTe)d

toa £q logPex 30 BOTIEOTITDOR -
*(foa “2"1) £oTTy W3 SPTXO Puosss £q pe1TooN TosPew UT Oy Jo USTIIOS ‘i
poonpuy 3seyy AOTTY
.Suvm ur s Ylos%yg UT o Jo ATTIanTOS UT JueTpain asyiedey ® Jo Jmmsey © ¥e 0V Jo uoryespdjossy pwe wopnyog °y

€ 2.2 £

oS + (9m33drosad) oy ~ (983 mwoiz) ow + 508+ SV

(¥rom uy) ammom + o W{(%e3 moa3) fos + (fo118) ¥
: 08 OV Jo uop3e3dIo9s] pm=m UOT a

_ :¥05 30 uoT3ompey 03 mnq MogPey ur oy 3 1 og -
a8 woxg No pue mom Jo Lpddns snonoyjuoo soIfnbax #omeH ug aomﬂ JO UOTILTOS SnOoNU[3u0)
2.2 €

S0S + v - 0 < + “os + (£oTme)V
Mos%eg ur Mosy 30 worgEmz 5
podnpuY 98uyy 89
835590017 SIPIOY

sforTy o s37sodag os%ey 201
sucpjouey Bupiny jTes ITqIssogd
(P.3W0D) AT STqBEL
N e e —_— . e — ——— — P Y—— —~ —— w—r
(IR e e e e i e s T i e T LA S inds .\\u.ohbl . — .H,.

-
s - _— M tmee et R T il e i T Dz e D e paTet ewer s SR
Fﬂn B, I 2 Uy g oty e T By e s e e L R S R St i S L R B P S s et D et e 2 S D o o o= T



¥o%398 TeTImR3squs sypmrad TogCey WOIZ

“Hys%ey 30 symmome TTEmE mIA

mom 30 880T JO IT1.83I B 9 .:omNdN Ul Oy JO uoT3B3IdTo8ad

mom + OV «~ |N._~om + oV - %e + (fo1TR)d + (LOTT®}V

w0738 1dT09dg - TOTIUTOS
..Naom + oV - %oz + (£o1Te)S + (AoTITB)V

i .
Moy ur peworaue semooeq TosPsg oy 107 w3988z woTINTOS

7
afoTTy o 81ysodag :om..um Io08
suojloBey BupXNTy JT8S JTAFSS0d

(Py3®0]) AT 3TIBL

et Tt sy B s R AR e e b lhe e i b poid

N U NI N P L I

WMo

Yo

RIS O

Y ET A% A A T L LN T T




! -
F‘ S AR Gt s s 4 e ...«j
| 3

i“ § ’
v ) g 4
3 By :
) i . {
v : * ]
it ! »
: ; |
¥ | 1
: i !
l .

b

i i i

2 T " S T
i

L o ek W e ik -

80r wi-scr-sMl
b ISOTHERMAL HOT CONROSION

: : 1000°C - Nag#0, - STATIC AIR
5 - - -
i . :

F
i

i
T e T

LR ALY el

0.8mg/cm2 Na 80,

Immersion incrucible
! with-1am Nag 804

» Smg/eom? Nay80,
a » . - .

TIME (hrs)

Flgure 1. Welght change versus time data for the hot corrosion attsck of
Ni-B8Cr-6Al specimens with different amounts of Naiso « The amount of de=
gredation increuses as the emount of the deposit Is increased,
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Figure 2, Schematle dlagrem of dynamic combustor used 1n the hot

corrvsion studles, Salts were injected into the rig as an agueous solution .
nesr the fuel nozzle, Particulates could be injected into the burner i
at the instrument collars to introduce an erosive component into the hot 3
corrosion test, ’@_
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Pigure 4, Weight change versus time data for the irothermal hot corrosion

of & Co=-25A1 alloy, The data indicate that the Naaﬂoh-induced corrosion .
consists of an inltlal stage over which the attack is not severe and a .
subsequent stage that lnvolves substantially more attack, In an isothermal

test wlth a fixed amount of salt, the hot corrosion attack can eventually 11

subside,
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HOT CORROSION CHRONOLOGY

Initiation stage

Important factors
® Alley tampaiition

@ Fabrication conditien
Salt deposit | oom compasition & Veletity
reavtion product barrler J ® Salt compatltion
® Solt depasition rete

Alloy ® Conditinn of wit
® temperuture
@ Temporntuee cyclet

® listlon
@ Spatimon geemetry

Propagation stage

Lesser protective
reaction product

Figure 8, Schematic diagram to illustrate the conditions that develop
during the initiation and propagation of hot corrosion attack and to
identify the factors that determine the time at which the transition
from the initiation stage to the propagation stage occurs,




B

:
b
E

W

A T s i et s, e e e ERE P S e ST T

e - e

e e sy e P ——

S

L T T

i
[
o

R ]

1000'c Pg, *1.0ATM,
CVCLIC HOT CORROSION
1hr CYCLES

20 80mg/em? Nay804

Ni=-30Cr-8Al

NUMBER OF CYCLES

Figure 9, Weight change versus time data for the cyclic hot corrosion
of Ni-30Cr and Ni-30Cr-6A1 specimens, The aluminum initially causes
the Ni-30Cr-6AL to be more resistant than Ni-30Cr, but after longer
times it causes more seavere attack,
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Figure 10, Weight change versus time data showing that increased
chromium concentration in Ni-Cr-Al alloys extends the initistion stage . ﬂ
ie ,\ for hot corrosion attack induced by large deposits of Na,80), in air, )
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Figure 11, Comparison of weight change versus time data for oyclic
hot corrosion of a NiCrAlY alloy in two fabrication conditions, A
protective barrier of A:l.?o3 is formed on the vepor deposited alloy
but oxides other than Al,03 have been formed on the as cast alloy
and it is in the propaga%ign ptoge of degradation s evidenced by the
larger weight changes,
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Flgure 12, Welght change versus time data obtained for the i1sothermal
hot corrosion of CoCrAlY comted IN 792, Hot corrosion was induced by
using Na,80, deposits (~ 1 mg/om2), In one experiment a Na,S0, -4O mole
percent ﬁgﬂbn depouit was used to ovtain a liquid deposit af the teat
temperature, The gas was flowing oxygen except in one experiment where
an 802-02 ges mixture was passed over a platinum catalyst to develop

an 803 pressure of 10** atm during the first 2.9 hrs. of the experiment.
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Figure 13, Weight change versus time data obtained for the isothermal
hot corroeion of a Ni-8Cr-6Al-6Mo alloy in static air and in oxygen
having a linear flow rate of 31 cm per sec,
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Figure 1L, Photomicrographs to compare the degradation of CoCrAlY coatings
on IN 738 after exposure at 899°C in air to Naﬁso deposits containing
0

dlfferent amounts of NaCl, (a) 500 hrs. with
8so'-s weight percent NaCl, (c) 40 hrs. with Na2s
Nal

8 (b) 500 hrs., with
L 90 weight percent

‘ o

0



Flgure 15, Surface and microstructural features developad for Ni-8Cr-
GAl-6Mo specimens after exposure at 1000°C in air to thin (4, ~ 5 m,
7 minutes exposure) and thick melts (o, ~ 1 cmy, 4 minutes exposuve) of
Na280 » Attack with the thin deposit was avidant visually after less
than I minute and usually spread laterally over the surface from the

point of initiation, The specimen in the thick melt showed no attack
after 4 minutes,




HOT CORROSION AND EROSION~CORROSION OF X-40

O BASELINE
[
o0 0.31MAIz05
§ 40 xguMmMg0

0

L] W2UMAI203
i-“
-80

20 60 ' 100 40 80
TIMEGrs)

Figure 16, Welght change versus time curves for X=UO specimens (Co=25,3Crs
10,5N1=7,5W=0,5C) exposed in a high velocity burner rig (gas velocity ~ 180
m/s) at 871°C (1600°F) to hot corrosion conditions (baseline conditions:
Naaso -22 welght percent SO deposited at 0,05 mg/cm?-hr) and erosion-hot
corroslion conditions baseiine conditions plus 300 ppm of oxldes having
indicated average particle sizes), The 0,03 um Al 03 particles deposited
on the leading edges of specimens,
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'i e Figure 17, Weight change versus time data for the cyclic hot corrosion
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R whereas at 900°C it ls greater than 300 hrs,
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EROSION B
HOT CORROSION HOT CORROSION

Figure 20, Scanning micrographs camparing features of oxide scales
(oxide-gas interface) formed on IN 738 after exposure in a burner rig at
871°C to hot corrosion (0.05 mg/cm?-hr Na,S0,-22 w/o K,S0,) and erosion-
hot corrosion (0,05 mg/cm2-hr Na 80, ~22 w/o K,80) and 300 ppm 2.5 um
A1.0, particles at 180 m/s). Thé erosive component has removed much of

thé porous oxide that is normally developed on this alloy during hot ,
corrosion attack, , iy




' Figure 21. Scanning and microstructural photomicrographs of an IN 738
apecimen that was exposed to erosion-corroamion conditions (described in
: Figure 20); lurge craters on the specimen surface (white arrows) are
believed to be formed because of dislodgement of oxides and alloy (black
arrows) by impacting particles.
i
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Figure 22. Photograph of the surface of a Co~25Cr-6Al specimen after
400 cycles at 1000°C in 1 atm of oxygen with 5 mg/cm2 Na. 50y, applied to
specimen every 20 hrs; the hot corrosion attack initiated at the

edge of this specimen,
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! Figure 23, Bchematic diagram to illustrate the three general :
- categories of protective scale breakdown to a lesser protective reaction

product when a salt deposit is present during the corrosion process,

BT P e S S O S OO P L O DO SN S U YO RN P TP W TP T PRE TUN Ey DR POETSIPR | [O7 PR TRT PN LD TO TONE DEPRS)



/
/

r // /lNc:EAﬂNG
a4 // $2 y
L / \ 7

o P / Na 2‘04 /

|0‘ Poz

u
.: GAS
g

02,503

N82504

)

OXYGEN
CONSUMPTION

ALLOY

L.-—.,..m——_.—J
b L

.
{

] i

i

~y

4

{ i
4 |
i R
;§ Figure 24, Bchematic stability diagram for Ne-5-0 system, (a), depicting [
g the types of compositional varimtions that can be developed across a i
é layer of Na 80, on an alloy (b), {_\3

I . e . N Sl bttt e A LI 0 bt L A0 it 2 a0 LA




-8
Ls Poz

~48

3
4

Figure 25, Stability diagram to illustrats the phases of nickel (=---),
1 aluminum (,..,) and chromium (xxx) which can exist in a Nay50, layer on
i a NLiCr-Al alloy, The Na,50, region is bounded by Ne,0 an
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Microstructural photomicrographs showing features of Ni-8Cr-6Al

Figure 27.

2

specimens after exposure at 1000°C in air to 5 mg/cm

for 2 minutes,

I

2

Na,S80
Degradation via basic fluxing is evident after two

becomes consumed after 1 hr, hence the rapid
structure no longer exhibits the basic fluxing
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Figure 28, Schematic dlagrams to {11lustrate the Na,S0, =induced hot
corrosion of & Ni-8Cr-6Al elloy in air, Oxygen deptetfon occurs, (&),
and sulfide formatlon results in the production of oxide lons which
react with Al,0, and Cr,0,, (b). At higher oxygen pressures the Cr,0g
and AL O. presipitate fBom the melt, (c). A phase stability disgrefi; (a),
is usef fo mccount for the stability of phases in (c).
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Figure 29. During the oxidation of Na_S0;-coated cobalt specimens at

1000°C_in air, puddles cf Na,S0, (whit® abrows) are formed in which .
particles of oxide (black arrows) were suspended (a, 30 sec). The oxide
beneath these puddles of Na,S50; contained deep depressions and small
holes at oxide grain boundaFies (b, 30 sec). The oxide scale was com=-

posed of layers and sulfide could be detected in the metal adjacent to
the scale, (c and 4, 3 min),
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Figure 31, Weight change versus time data to compare the hot corrosion
attack of Co-2541 and Co~25A1-12W alloys, Freannealing of the Na,SO,«
costed specimens of Co=25ALl-12W for 1 hour at 1000°C in dry argon” ( data
points) greatly reduced the time required to initiste hot corrosion atteck,
Data for oxidation without N“QBOM was about the same for both alloys,
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Figure 32. Microstructural pnotomicrographs and microprobe images of a
Co-25A1-12W alloy specimen after 20 hrs., of oxidation in 1 atm of oxygen at
1000°C. Prior to oxidation the specimen was coated with 5 mg/cm? Na_SO,
and annealed for 1 hr. in argon at 1000°C, Weight change data for this
specimen are presented in Figure 31, (a) Optical micrograph showing
overall scale thickness, (b) and (c) Optical micrograph and electron
backscatter image, respectively, of scale-alloy interface. (d) Tungsten
 X-ray image showing that tungsten is enriched in the oxide scale at the
alloy~-scale interface,
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Figure 35. Comparison of the isothermal hot corrosion of Na,80) -
conted Ni-8Cr-6Al and N1-8Cr-6A1-6Mo alloys; both alloys havg uﬁdorgom
hot corrosion attack., Degradation microstructures for Ni-8Cr-6Al are

presented in Figure 27,

various stages during the hot corrosion of the Ni-8Cr-6Al-6Mo and typicael
degradation microstructures for this alloy are presented in Figures

% and 46,

The circled numbers in the Figure ldentify
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Figure 36. FPhotograph showing structure of corrosion product formed
on Na_SOj ~coated Ni-8Cr-6Al-6Mo after exposure at 1000°C in Ilowing
oxygefi (a)., This structure corresponds to stage 8 of Figure 35,
Higher magnification of area indicated in (a) showing scale-alloy
interface (b). (c) X-ray images of area shown in (b).
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Flgure 37, Stabllity diagrama showing the phases of aluminum thet can be
stable in Na,80, at 700°C, (a), and 1100°C, (b), and defining regions whers
basic or acifiic fluxing of Al 03 appear possible, Very high S0, presaures
are required for acldic fluxi%g'at temperatures of 1000° and 1100°C and
refractory metal oxides mro helieved to make mcldic fluxilng reactions
favorable at lower 80, pressures as indicated by the displaced boundary in
(b) (arrows), Dashed”lines in (n) are 80, isobars (atms?
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Figure 38, Microstructural photomicrographs to compare the attack of CoCrAlY
coatings on IN 738 after exposure at 649°C, The combination of Na,.SO, and
‘80, is very effective in rroducing attack whereas a significant amount of
atfack at 649°C 1is not observed for Nagsoh or SO3 acting independently.
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Figure 39. Degradational features developed during the hot corrosion of v
CoCrAlY coatings as a result of exposure at 704°C to Ne,S0, deposit (~ 1 mg/
em?) and oxygen containing SO, at 7-10'“ atm; (a) localIzed attack is
evident and the outer zone of~the corroslion procuct (arrows) is rich in
cobalt, (b) X-ray images show that sodium and sulfur are present in the
corrosion product, (c) the localized nature of the attack is less evident

on vapor honed specimens,
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Figure 40, Microstructural features developed in a CoCrAlY alloy during
17.3 hrs. Bf exposure to & Na%SOh deposit (2.5 mg/cm®) and oxygen containing
S0, (7.10"* atm) at 704°C, Ghost images of the corrosion fromt, (a), and
th8 g-cobalt phase in the alloy, (b) and (c), are evident. Results
obtained from microprobe analyses of the corrosion product are presented

in (a).
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Figure 41, Microstructural features that are developed at the corrosion
product~CoCrAlY lnterface during hot corrosion attack, (704°C, 17,3 hrs.,
2,5 mgfem? Na,80),, S0, (7:10=% atm) in flowing oxygen) The light and
dark phases i% the co?rosion product are chromium and aluminum enriched,
respectively, and arrows lndicate particles of the g=cobalt phase being
converted to the chromium enriched oxide phase,
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Corrosion

Figure L1, Microstructural features that are developed at the corrosion if

product-CoCrAlY interface during hot corrosion attack.
2.5 mg/em@ Na,S0),, SO (7-10-l atm) in flowing oxygen).

(70kec, 17.3 hrs.,
The light and -

dark phases in the cofrosion product are chromium and aluminum enriched,
respectively, and arrows indicate particles of the g-cobalt phase being

converted to the chromium enriched oxide phase,
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. Pigure 43, Schematic dlagrems to illustrate the hot corrosion attack of a

’*\“j ; CoCrAlY alloy when S0, is present in the gas, At low temperatures solid

. i Ne 80, can be convortad to & liquid Nazsoh-CaBO solution due to the formation
; offsmall anounte of cobalt oxide, (a),“ This 1liquid can penetrate the A1203
g P at cracks snd produce attack of the alloy as indicated schematically in

v b (b), (c), and (d). The proposed solution and precipitation of oxide can be
i R rationalized by using a stability diagram, (e), that assumes a rsgion of

o b gulfite as well as regions of metal, sulfide, oxide end sulfate in Na.igo R

S v ‘ The two linea terminated by dota and x's indicate possible gradients g8

i ] a Na SO, layer on CoCrAlY, The gradient identified by dots is conducive

"7' b to s6lution and precipitation of an oxide, & condition that can be expected

8 Lo at lower temperatures, The gradient identified by x's is more common for ‘

4 | higher tempsratures and is not suitable for acidic fluxing,
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. Figure Lk, Schematic'diagrams to illustrate the simllarity between the

\ oxidation of zinc where a nonprotective oxide fume is formed, above the

metal and the hot corrosion of alloys via fluxing processes involving
solution and subsequent precipitation of nonprotective oxide in the melt
away fram the surfaces of alloys,
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Figure 45, Comparison of weight change versus time data for the Nap80, -
induced hot corrosion in air of B-1900 and IN 738,
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Figure 46, Photomicrographs showing the microstructural features that-
developed during Na, SO -induced hot corrosion of Ni-8Cr-6A1-6Mo alloys
~at 1000°C; (a) and %’b) 2 min, in static air, (c¢) 1L4.5 min. in flowing
oxygen, (d) 1.5 hrs, in static air.
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Figure 47,

( 1000'c
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a 3
TIME (e}

Welght change versus time data to compars the hot corrosion
attack of Ni.8r-6AL and Ni-16Cr-3,.UAl in Na_80, - immersion tests, and the

hot corrosion attack of two IN 738=type of afloys.
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Figure 48, Welght change versus time dats to campare the hot corrosion
attack of alloys with compositions related to IN 738 but having different
chromium and carbon conocentrations,
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Pigura Yo, Welight change versus time data to campare the hot corrogion
l attack of a Ni-8Cr-sa1 alloy initiated by deposits of anﬂoh and N‘2M°°u'
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Figure 50. Weight change versus time data tc compares the hot corrosion
attack of a Ni-8Cr-6A1l-6Mo alloy by deposits of Na 80, and NuEMoOu.
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Figure 51,

¢as mixture, Approximately 5 mg/
after svery 5 hrs, of exposure up to 20 hr¥,
interval beyond 20 hrs.

NI:25Cr-6Al 1KR CYCLES
1000°C NORMAL OXIDATION

\Pnesu.nolzao ‘8
o
N.as°4 I .

20 40 60 80 100 120
CYCLES

Comparison of the cyclic oxidation datas obtained for Ni-25Cr-6AL
specimans that were coated with N‘ﬁgo to those presulfidized in an B-l—l2

o 3!‘ Na, 80, was added to one apecilien
4 then after every 10 hr,
The presulfidation was performed at the sams time
intervals that the Nea_ 80 gu applied and the sulfur picked up was equivalent
to the sulfur in a S‘Bc/gm

ruesou deposit,




. Figure 52, Comparison of the microstructures developed in Co-25Cr-6Al, ‘
(a), (c), and Ni-25Cr-6A1, (b), (d), specimens after isothermal oxidation at
1000°C in 1 atm of oxygen where the specimens were; coated with 5 mg/t:m2 :
Na_S0,, (a), (b), or presulfidized for 20 sec., in an H,8-H, gas mixture with
H2§/H2 = 0.2, prior to oxidation, (c), (d).
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5 }] Figure 53, Comparison of the cyclic hot corrosion dats cbtained for Ni-25Cr-
7y ;e 6Al-,2Y, Co=25Cr-6Al-,5Y, Ni-30Cr and Co-35Cr specimens; the Na 50, was
o applied every 20 hrs, The attack of NiCrAlY was much more sevars than

‘ 1 § i CoCrAlY whereap such a difference was not evident between Co=35Cr and Ni-30Cr,
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Figure 54. Photomicrographs to illustrate two mechanisms by which sulfide
phases in alloys can result in the formation of nonprotective oxide scales
during oxidation. Sulfide phases, (a), (electron backscatter image showing
sulfide stringers: liquid nickel sulfide, A, and chromium sulfide, B) in a
Na,_£0, ~coated (5 mg/cm®)NiCrAlY specimen after 47 hrs. of oxidation at
1060°¢ in 1 atm of oxygen are preferentially oxidized, (b), (nonprotective
Cr203 and Alzo scales, A, and unoxidized nickel-chromium sulfide stringers,
B). Nonprotect%ve Cr,0, is formed on Ni-30Cr, (¢), and Co-35Cr, (4),
.specimens due to the ox%dation of chromium sulfide particles during 240 hrs.
of cyclic hot corrosion exposure 0.5 mg/cm? NEQSOh applied every 20 hrs. )

at 1000°C in air.
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Lo , Figure 55, Microstructural photomicrographe and X-ray images of B Co-25Cr-

) i 6Al-,5Y specimen after 100 hre, of cyclic hot corrosion testing at 900°C
where 1 mg/cm-? NaQSO,+-9O% NaCl was applied after avery 20 hrg, 'The structural
features at the external scale = mnlloy porous zone interface and at the
: alloy porous zone - unaffected alloy interface are shown in (a) and (4),

: respectively, (b) aud (¢) are X-ray images of the areas shown in (a), and (e)
and (f) sre X-ray images of the area defined in (d),
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Figure 56, Scanning electron micrographs of Co-25Cr-6A1-,.5Y specimens after
exposure to a N sou-go% NaCl deposit at 900°C in air. The dashed lines in
(a) define the zone of internal attack which is composed of a network of
coarse (white arrows) and small (black arrows) pores, (b). This porous
network appears to coincide with the g-CoAl phase of the alloy, (c), but

the pores do not have the exact shape of the g-phase, (d).
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Figure 57,
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Welght change versus time data to compare the hot corrosicn
attack of two alloys induced by Naasoh =« NaCl mixtures,
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after exposure at 900°C in air for 1190 cycles (1 cycle ~ 1 hr, Jawith 1 mg/
cm2 Na,S0, applied every 20 hrs., (a), and for 275, cycles with 1 mg/em?
Ne,S0), - 0% NaCl applied every 20 hrs., (b). :

Figure 58. Photomicrographs to compare the attack of Ni-30Cr specimens—
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Flgure 59, S&chematic dlagrams to illustrate the hot cormslon sttack of
alloys induced by mixtures of Naesou - NaCl,
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Figure 60, Photomicro%rapha of Ni-16Cr-3,4A1 specimens after exposure

at 1000°C in air to: (a) a 5 mg/cm? deposit of Na,80, for 8 hra., (b) a
thick carbon deposit for 8 hrs., (c) a 5 mg/em? deposit of Na,80, and

a thick carbon deposit for 1 hr,, (d) & 5 mg/cm® deposit of Nazséh and
an excess of liquid fuel (Jet A) for 1 hr,
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Plgure 61, Microstructural photomjcrographs of CoCrAlY coatings after
exposure of specimens with 1 mg/cm Na280 to an excess fuel test, When
specimens were exposed for 1 minute in“the furnace at 1300°C, large

areas of their surfaces exhibited sulfide particles, (ag and (b), and close
inspection ahowed that these sulfides had been preferentially oxidized,
(¢). 1n specimens exposed for only 30 sec, at 1300°C, sulfides were not

a8 readily apparent but substantisl attack was evident, (d),




Figure 62. Photomicrographs to compare IN 738 specimens after a 1 hr,
exposure at 1000°C in air to: (a) a Na,S0), deposit (1 mg/em?), (b)
immersion in crucible containing 5 ml of Jet A fuel, (¢) a Na.2so,+ deposit
{1 mg/em®) and immersion in crucible with 5 ml of Jet A fuel,
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LIST OF PUBLICATIONS PIANNED FOR PUBLICATION

Hot Corrosion Degradation of Metals and Alloys
= A Unified Theory -
Part I

To be submitted to Metallurgical Transsctions (AIME, ASM) for publication,

Hot Corrosicn Degradation of Metals and Alloys
= A Unified Theory «
Paxt II

To be submitted to the Metallurgicsl Transsctions (AIME, ASM) for
publication, '

(The preceding report will be divided into two parts and submitted
for publication),




